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DESIGN, CHARACTERIZATION AND TESTING OF A THIN-FILM 
MICROELECTRODE ARRAY AND SIGNAL CONDITIONING MICROCHIP FOR 
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Huihang Dong 
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Cardiac mapping has become an important area of research for understanding the 
mechanisms responsible for cardiac arrhythmias and the associated diseases. Current 
technologies for measuring electrical potentials on the surface of the heart are limited due 
to poor spatial resolution, localization issues, signal distortion due to noise, tissue damage, 
etc. Therefore, the purpose of this study is to design, develop, characterize and 
investigate a custom-made microfabricated, polyimide-based, flexible Thin-Film 
MicroElectrode Array (TFMEA) that is directly interfaced to an integrated Signal 
Conditioning Microchip (SCM) to record cardiac surface potentials on the cellular level 
to obtain high spatial resolution Surface Laplacian (SL) measurement. 
TFMEAs consisting of five fingers (Cover area = 4 mm2 and 16 mm2), which 
contained five individual microelectrodes placed in orthogonal directions (25-Jlm in 
diameter, 75-Jlm interelectrode spacing) to one another, were fabricated within a flexible 
polyimide substrate and capable of recording electrical activities of the heart on the order 
of individual cardiomyocytes. A custom designed SCM consisting of 25 channels of pre-
amplification stages and second order band-pass filters was interfaced directly with the 
VI 
TFMEA in order to improve the signal-to-noise ratio (SNR) characteristics of the high 
spatial resolution recording data. 
Metrology characterization usmg surface profilometry and high resolution 
Scanning Electron Microscope (SEM) indicated the geometry of fabricated TFMEAs 
closely matched the design parameters «0.4%). The DC resistances of the 25 individual 
micro electrodes were consistent (1.050 ± 0.026 kQ). The simulation and testing results 
of the SCM verified the pre-amplification and filter stages met the designed gain and 
frequency parameters within 2.96%. The functionality of the TFMEA-SCM system was 
further characterized on a TX 151 conductive gel. The characterization results revealed 
that the system functionality was sufficient for high spatial cardiac mapping. In vivo 
testing results clearly demonstrated feasibility of using the TFMEA-SCM system to 
obtain cellular level SL measurements with significantly improved the SNRs during 
normal sinus rhythm and Ventricular Fibrillation (VF). Local activation times were 
detected via evaluating the zero crossing of the SL electro grams, which coincided with 
the gold standard (dV/dt)min of unipolar electro grams within ± 1%. The in vivo 
transmembrane current densities calculated from the high spatial resolution SLs were 
found to be significantly higher than the transmembrane current densities computed using 
electrodes with higher interelectrode spacings. In conclusion, the custom-made TFMEA-
SCM systems demonstrated feasibility as a tool for measuring cardiac potentials and to 
perform high resolution cardiac mapping experiments. 
Vll 
TABLE OF CONTENTS 
PAGE 
ACKNOWLEGEMENTS ............................. ................... ............... .......... IV 
ABSTRACT·························································································· VI 
LIST OF TABLES·················································································· XlI 
LIST OF FIGURES················································································· XlII 
I. INTRODUCTION··············································································· 1 
1.1 Purpose ........................................................................................... 1 
1.2 Objective Statement . ........................................................................... 3 
1.3 Hypotheses······················································································· 3 
1.4 Specific Aims ................................................................................... 4 
1.5 Significance of the Study ..................................................................... 5 
II. LITERATURE REVIEW ..................................................................... 7 
2.1 Electrical Activity of the Heart ............................................................. 7 
2.1.1 Conduction System of the Heart······················································ 8 
2.1.2 Action Potential··········································································· 9 
2.1.3 Cardiac Arrhythmias .................................................................... 12 
2.1.4 Electrocardiogram ....................................................................... 13 
2.2 Cardiac Mapping: Definitions ............................................................... 16 
2.2.1 A Brief Historical Survey of Cardiac Mapping ................................... 16 
2.2.2 Traditional Cardiac Mapping Approaches ......................................... 18 
2.2.3 Introduction about Surface Laplacian ............................................... 20 
2.3 Overview of Current MEAs Techniques··················································· 22 
2.3.1 Neurology Applications of ME As ..................................................... 23 
2.3.2 Cardiac Electrophysiology Applications of MEAs ................................ 26 
2.4 Summary ........................................................................................... 28 
Vlll 
III. MATERIALS AND METHODS··············································· .. ··········· 30 
3.1 TFMEA Design and Fabrication ............................................................ 30 
3.1.1 TFMEA Design ............................................................................ 30 
3.1.2 Design Considerations .................................................................... 33 
3.1.3 Configuration and Dimension··························································· 34 
3.1.4 Material Selection·········································································· 36 
3.1.4.1 Substrate and Encapsulation Material: Polyimide (PI-2611) ......... 36 
3.1.4.2 Adhesion Layer: Titanium (Ti) ............................................... 36 
3.1.4.3 Conductive Material: Platinum (Pt) .......... ............................ ... 37 
3.1.4.4 Recording Sites Materials: Ag/AgCI········································· 37 
3.1.5 TFMEA Fabrication ................................ ............................ ..... ...... 38 
3.1.5.1 Fabrication Substrate: Oxidized Silicon Wafer .......................... 40 
3.1.5.2 Polyimide (PI-2611) Coating .................................................. 40 
3.1.5.3 Polyimide (PI-2611) Curing .................................................... 41 
3.1.5.4 Photoresist (1827) Deposition ................................................. 43 
3.1.5.5 Photolithography - Metal Traces Creation Utilizing Mask #1········· 44 
3.1.5.6 Image Reversal on the Positive Photoresist································· 45 
3.1.5.7 Photoresist Development ........................................................ 47 
3.1.5.8 Metal Deposition: Ti - Pt Bilayer Sputtering······························· 48 
3.1.5.9 Lift-off: Pattern Metal Layers············ ....... ........................ ....... 50 
3.1.5.1 0 Second Layer Polymer Coating and Curing······························· 51 
3.1.5.11 Dry Etch Mask Deposition: Al Sputtering·································· 52 
3.1.5.12 Photolithography - Define Outline and Openings on PI-2611 Utilizing 
Mask #2 ........................................................................................ 52 
3.1.5.13 Hard Bake .......................................................................... 54 
3.1.5.14 Pattern Dry Etch Mask - Aluminum Wet Etching······················· 54 
3.1.5.15 Oxygen Reactive Ion Etching (RIE) to Pattern Polyimide·············· 55 
3.1.5.16 Surface Cleaning before Electroplating - Ultrasonic Cleaning········ 56 
3.1.5.17 Electroplating Mask Creation Utilizing Mask #3························· 56 
3.1.5.18 Silver Deposition on TFMEA Recording Sites - Silver Electroplating 
.................................................................................................... 58 
IX 
3.1.5.19 Silver Chloridization··············· .. ························· ................... 59 
3.1.5.20 Sensor Packaging············································· .................... 60 
3.1.5.21 Summary of the mirofabrication steps······································· 63 
3.2 TFMEA characterization ........................................................................ 64 
3.2.1 Metrology Characterization ............................................................... 64 
3.2.1.1 Metrology Characterization···················································· 64 
3.2.1.2 Scanning Electron Microscopy (SEM) ...................................... 66 
3.2.2 Electrical Characterization: DC-R Measurement···································· 67 
3.2.3 Electrochemical characterization ........................................................ 68 
3.2.4 Material Verification - EDAX ........................................................... 70 
3.3 SCM Design················································......................................... 70 
3.3.1 Instrumentation Amplifier for Pre-amplification···································· . 70 
3.3.2 The second-order band-pass filter··················································..... 72 
3.3.3 The virtual ground generator··············································................ 73 
3.4 TFMEA-SCM System Functionality Verification ......................................... 74 
3.4.1 In Vitro Testing .............................................................................. 74 
3.4.2 In Vivo and In Situ Testing ................................................................ 77 
IV. RESULTS AND DISCUSSION ............................................................... 80 
4.1 Sensor Fabrication Results ..... .............................. .......... ........ ...... ..... ...... 80 
4.1.1 Polyimide Thickness vs. Spin Speed·········· .............................. ............ 88 
4.1.2 Surface Profilometry after Image Reversal············································ 89 
4.1.3 Metal Deposition Rate: Ti-Pt Sputtering··············································· 90 
4.1.4 March RIE Etching Rate··································································· 92 
4.1.5 Polyimide Trench Depth Measurement················································· 93 
4.1.6 Low Current Density Silver Electroplating············································ 95 
4.1.7 SEM Imaging on TFMEA Fabrication···········································...... 97 
4.2 Electrical Characterization Results···············································.............. 99 
4.3 Electrochemical Characterization Results··················································· 104 
4.4 Material Verification - EDAX···················································............... 106 
4.5 TFMEA Packaging Strategies·································································· 108 
x 
4.6 Problems Encountered during Fabrication ................ ······ ................ ··.......... 113 
4.6.1 Oxygen Plasma Etch Mask Material Selection·· .. ·· .... ··· .. · .. ···· .. ······ .... ·.. 113 
4.6.2 RIE Residue on Pt Surface ............................................................. 115 
4.6.3 Over Chloridization Problem .. ·· ............ ··················· .. · .. · .... ···· .... · .. ··.. 117 
4.7 SCM Simulation and Testing Results······· .. ··· .... ···· .... · ...... ···· .... ·· .... ·····...... 118 
4.7.1 Gain vs. Frequency of2-op-amp Pre amplification Stage························· 119 
4.7.2 Gain and Phase Response of the Second-order Band-pass Filter .... · .. ···· .. · 120 
4.7.3 Virtual Ground Generator Testing Results···· .... ·· .... ············· .. · .. ·.......... 121 
4.7.4 SCM Testing Results········· .. · .. ·· .... · .. · .. · .............. · .. · .... ···· .. ··· .. · .... ···.. 122 
4.8 TFMEA-SCM System Functionality Testing .. · .......... ····· .. · .... ··········· .. ···· .. ·· 124 
4.8.1 In Vitro Testing Results ........ ........................... ........... ....... ...... ....... 126 
4.8.2 In Vivo Testing Results: Epicardium Recording .......... ..................... .... 128 
4.8.2.1 SNR Improvement··· .. ···· .. ········ .. ·· .... ······ .... ······ .... ····............ 128 
4.8.2.2 SLs during Normal Sinus Rhythm .... ·· .... ····· .......... .................. 130 
4.8.2.3 Local Activation Time Determination during VF ....................... 134 
V. Conclusion .......................................................................................... 138 
VI. Future Study········ .. ·········· .. ·············· ...... ····· .. ······································ 142 
6.1 Endocardium Recording ....................................................................... 142 
6.1.1 Recordings during Normal Sinus Rhythm .. ·· .. ·· .... ········ ...... · .. · .. ··········· 142 
6.1.2 Recordings during VF .................................................................... 144 
6.2 Miniaturization ofTFMEA-SCM ............................................................ 145 
6.3 Biotelemetry on TFMEA-SCM .............................................................. 146 
REFERENCES ......................................................................................... 147 
APPENDIX·· .. ························ .. ··················· .. ······ .. ·········· .... ·· .. ··········· .. ··· 153 
CURRICULUM VITAE ............................................................................ 169 
Xl 
LIST OF TABLES 
TABLE PAGE 
2.1 Comparison on the causes of the action potential of pacemaker and nonpacemaker 
myocardial cells [30]············································································· 12 
3.1 Spin recipe for the first layer ofPI-2611············································· ....... 41 
3.2 Spin recipe for Shipley 1827 .. ·················································................ 43 
3.3 Experimental conditions for Ti-Pt sputtering ......................................... .... 50 
3.4 Spin recipe for the second layer ofPI-2611·············································... 52 
3.5 Spin recipe for Shipley 1813 .. ··················································............... 53 
3.6 Composition ofTX151 gel [84] .............................................................. 75 
4.1 Comparison of TFMEA design specification and actual measurement············· 81 
4.2 Half-cell Potentials for Common Electrode Materials at 25°C when referenced to 
the hydrogen electrode. (Source: Data from Handbook of Chemistry and Physics, 
55th ed., Cleveland, OH: CRC Press, 1974-1975.) . .................................... 87 
4.3 DC resistance of the first generation of TFMEAs ...................................... 101 
4.4 DC resistance of the second generation of TFMEAs .................................. 102 
4.5 DC resistance of the third generation ofTFMEAs ..................................... 103 
4.6 Potential differences between the recording sites on the TFMEAs and a commercial 
Ag/AgCl reference electrode ................................................................ 112 
4.7 Comparison of the second-difference potentials, SLs, and transmembrane current 
density with different interelectrode distances·········································· 134 
4.8 Local activation times determined by SLs and (dV/dt)min····························· 137 
xii 
LIST OF FIGURES 
FIGURE PAGE 
2.1 Specialized Conduction System of the heart [25] ....................................... 8 
2.2 The five phases of a cardiac action potential of the ventricle myocyte [28] ...... 10 
2.3 Schematic representation comparing the action potential of pacemaker and 
nonpacemaker (Contractile) myocardial cells [29] ................................ ..... 11 
2.4 Electrocardiogram Leads. Limb leads: Lead I: VI = <t> L - <t> R; Lead II: VII = <t> 
F - <t> R; Lead III: VIII = <t> F - <t> L; <t> L = potential at the left arm; <t> R = 
potential at the right arm; <t> F = potential at the left foot (Left) and chest leads: V 
CD through V® (Right) [25] ................................................................. 14 
2.5 ECG waveform in lead II: right arm to left leg [25] ................................... 15 
2.6 A diagram of a five electrode configuration for determining the SLs ............. 21 
3.1 The first generation of TFMEAs. Metal traces of individual microelectrodes with 
different length caused unequal resistance······························· .................. 31 
3.2 The second generation of TFMEAs. Metal traces of individual microelectrodes 
with the same length resulted in equal resistance .. ······································ 32 
3.3 The third generations of TFMEAs with longer neck to allow free movement of the 
recording head and fluid drain-holes around the recording sites. Covered area of 
the recording sites = 4 mm2 (Top) and 16 mm2 (Mottom)"-·························· 33 
3.4 Five microelectrodes in orthogonal directions in one finger (Top) and 25 recording 
sites (Bottom) on TFMEA .................................................................... 35 
3.5 Three photo masks for development of TFMEAs: (a) Mask #1: pattern the metal 
layers (Electrode recording sites, conductive metal traces, and bond pads) of 
TFMEAs; (b) Mask #2: define the outer perimeters as well as the openings 
(recording sites and bond pads) on the polyimide layer; (c) Mask #3: define the 
electroplating area - expose electrode-tissue contacts to the electroplating 
solution················ ................................................. ................ ...... ...... 39 
Xlll 
3.6 Inside view of the chamber of YES high temperature cure oven····················· 42 
3.7 Temperature profile for curing PI-2611 .................................................... 43 
3.8 A SUSS MAlBA6 mask aligner············ ...... ................. ...................... ..... 45 
3.9 YES 310-TA HMDS & Image Reversal Oven ........................................... 46 
3.10 Diagram of the photoresist image reversal step ......................................... 47 
3.11 KURT J. LESKER PVD 75 sputtering machine ........................................ 50 
3.12 One example ofTFMEA recording site (a) and one group of alignment markers (b) 
used to achieve precise alignment .......................................................... 54 
3.13 Electroplating mask to expose the recording sites in the electroplating solution and 
the electrical connection pad to be connected with the cathode of the electroplating 
station················································............................................... 58 
3.14 Experimental setup of low current density pulse electroplating to deposit silver on 
the TFMEA recording sites ................................................................... 59 
3.15 Microelectrode array bonding diagram ................................................... 61 
3.16 25-pinZIF FPC connector ................................................................... 62 
3.17 Top view (Left) and bottom view (Right) of the PCB for TFMEA bonding····· 62 
3.18 Cross-sectional diagrams of fabrication steps of the TFMEA. Figure 3.18 Cross-
sectional diagrams of fabrication steps of the TFMEA. (a) Photoresist 1813 image 
reversal on cured polyimide PI-2611; (b) Metal deposition: Ti-Pt bilayer; (c) 
Pattern of the metal layers using lift-off process; (d) Second layer of polyimide 
coating and curing; (e) RIE mask creation (AI: 150 nm; DC-sputtered) and second 
photolithography process which defines the outer perimeter of the TFMEA as well 
as the microelectrode openings; (f) Al wet -etching; (g) Oxygen plasma etching to 
pattern the polyimide substrate; (h) Low current density silver electroplating to fill 
the polyimide trench; (i) Silver chloridization; G) Final sensor separation from the 
oxidized silicon wafer .......................................................................... 63 
3.19 Dektak 8 Surface Profilometer .............................................................. 65 
3.20 A SUPRA ™ 40 VP scanning electron microscope. (Source: Carl Zeiss)········· 67 
3.21 Cascade Microtech RF-l Microwave Probe Station ................................... 68 
3.22 Schematic of three-electrode cell for TFMEA characterization. C: counter 
electrode (Pt); W: working electrode (TFMEA); R: reference electrode 
(Commercial Ag/AgCl) ....................................................................... 69 
3.23 Circuit schematic (Top) and layout (Bottom) of the 2-op-amp preamplifier .... 71 
xiv 
3.24 Circuit schematic (Top) and layout (Bottom) of the 2nd-order band-pass filter' 73 
3.25 Circuit schematic (Top) and layout (Bottom) of the virtual ground generator···· 74 
3.26 Experimental setup for in vitro testing: Gel length = 22.5 cm; Reference electrode 
distance = 0.9 mm (Horizontal direction) ................................................. 76 
3.27 Experimental setup for in vivo testing in a canine model ............................ 78 
3.28 Experimental setup for in situ testing in a canine model ............................. 79 
4.1 Microscopic images of the first generation TFMEAs in which 25 individual 
microelectrodes have metal traces with unequal lengths and cover a surface area of 
16 mm2 (Type A) and 4 mm2 (Type B) .................................................. 81 
4.2 Microscopic images of the second generation TFMEAs in which 25 individual 
microelectrodes have metal traces with equal length and cover a surface area of 16 
mm2 (Type A) and 4 mm2 (Type B) ....................................................... 82 
4.3 Microscopic images of the third generation TFMEAs with miniaturized bond pads, 
longer necks and metal traces of equal resistance. Surface area covered by the 25 
microelectrodes is 16 mm2 (Type A) and 4 mm2 (Type B) ......................... 82 
4.4 The recording sites on the first generation TFMEA (Type B) ........................ 83 
4.5 Close-up on the 25 recording sites of a TFMEA with trenches filled by Ag/ AgCI 
....................................................................................................... 84 
4.6 Close-up on the 5 recording electrodes in orthogonal directions in one finger of a 
TFMEA with trenches filled by Ag/ AgCI ................................................ 85 
4.7 Surface profile measurement on three individual AgCI recording sites············· 85 
4.8 SEM images of the TFMEA with polyimide trench filled by Ag/ AgCI ........... 86 
4.9 The relation between the spin speed and polyimide thickness after curing ........ 88 
4.1 0 Surface profilometry of photoresist 1827 after image reversal······················ 89 
4.11 SEM image of the substrate after image reversal. Note the shadowed regions 
around the edges of the trenches, which indicate negative angles on the sidewalls 
........................................................................................................ 90 
4.12 Characterization of the deposition rate for Ti sputtering. Experiment condition: DC 
Power = 300 W, Argon Gas Pressure = 5 mTorr; Vacuum Base Pressure = 5xl0-5 
mTorr .............................................................................................. 91 
4.13 Characterization of the deposition rate for Pt sputtering. Experiment condition: DC 
Power = 300 W, Argon Gas Pressure = 5 mTorr; Vacuum Base Pressure = 5xlO-5 
mTorr .............................................................................................. 91 
xv 
4.14 RIE etch rate in polyimide with a RF power of 300 W, pressure of 350 mTorr, and 
oxygen flow rate of 20 sccm ................................................................. 92 
4.15 SEM image of five recording sites in one finger of the TFMEA with a red line 
indicating the surface profilometery scan path .......................................... 93 
4.16 Surface profilometry measurement of the trench depth on 3 recording sites with a 
diameter of 25 ~m .............................................................................. 94 
4.17 Trench depth measurements across the wafer for 8 sample devices··············· 94 
4.18 The waveform for pulse electroplating of silver········································ 95 
4.19 The thickness distribution across the wafer of the electroplated silver layer on the 
recording sites of 8 TFMEAs ................................................................ 96 
4.20 A - SEM image of TFMEAs before Ag electroplating; B - SEM image of 
TFMEAs after Ag electroplating; C - SEM image of TFMEAs after Ag 
chloridization .................................................................................... 98 
4.21 Cyclic voltammetric curves for the Ti-Pt-AglAgCI TFMEAs. Scan rate = 10 mV/s, 
phosphate buffer = 0.1 M, pH = 7.0, T = 25 ·C, number of cycles = 4, sensitivity = 
10 nAIV .......................................................................................... 104 
4.22 AC-impedance (Top) and phase (Bottom) spectrums for multiple TFMEAs 
....................................................................................................... 105 
4.23 A - EDAX spectrum of TFMEAs before Ag electroplating; B - EDAX spectrum 
of TFMEAs after Ag electroplating; C - EDAX spectrum of TFMEAs after Ag 
chloridization ................................................................................... 107 
4.24 A - Bonding strategy for the first generation of TFMEAs; B - Bonding strategy 
for the second generation of TFMEAs; C - Bonding strategy for the first 
generation of TFMEAs·· .. .. .. . . . . . . . . . . . . .. .. . . .. .. .. ... . . . . . . .. .... . . . . . . .... . . .. .. . . .. . . . . 110 
4.25 Damage caused by scratches with probes during the resistance measurements 
....................................................................................................... ·111 
4.26 Oxygen plasma etching to form the TFMEA recording sites using chrome (Top) 
and aluminum mask (Bottom)--··· .... ·········································............ 114 
4.27 SEM images of the surface of a recording site on TFMEAs before (Top) and after 
(Bottom) ultrasonification cleaning ........................................... ............ 116 
4.28 Over chloridization on the recording sites of a TFMEA ............................ 118 
4.29 Gain vs. frequency of the 2-stage instrumentation amplifier ....................... 119 
4.30 Comparison of the simulated and measured gain response (Top) and the phase 
shift (Bottom) for the active band-pass filter ............................................ 121 
XVI 
4.31 Comparison of the theoretical and experimental results for the virtual ground 
generator ......................................................................................... 122 
4.32 Comparison of simulation (Top) and testing (Bottom) results. Orange: Input sine 
signal; Purple: Output of preamplifier; Aqua: Output of preamplifier-filter .... 123 
4.33 Comparison of the output ECG signal before (Top) and after (Bottom) applying 
the SCM ......................................................................................... 124 
4.34 TFMEA-SCM system ....................................................................... 125 
4.35 The simulation diagram of the potential distribution in the gel. The electrode size 
is not drawn to scale .......................................................................... 126 
4.36 In vitro measurement results for five individual microelectrodes ................ 127 
4.37 Typical in vivo Surface Laplacian testing results for TFMEA data collection with 
and without the signal conditioning microchip ........................................ 129 
4.38 Comparison of overall SNRs for in vivo unipolar and SL electro grams with and 
without the customized SCM. *P<O.OI and **P<O.OI indicating SNRs are 
significantly improved using the SCM compared to not using the SCM in both 
unipolar electrogram and SL measurements············································ 130 
4.39 25 unipolar electrograms recorded from the anterior right ventricular epicardium 
using the TFMEA-SCM ..................................................................... 131 
4.40 Diagram of the TFMEA configuration. Figures are not drawn to scale. Solid line 
with arrow: Activation propagation pattern; Dash line: Isochronal lines ........ 131 
4.41 Calculated Surface Laplacian electrogram (Black) and unipolar electrogram 
(Magenta) recorded from the center electrode in one finger of a TFMEA ...... 132 
4.42 Interelectrode distances by selecting different combinations of microelectrodes on 
TFMEAs ......................................................................................... 133 
4.43 Transmembrane current density calculated by using different interelectrode 
distances during normal sinus rhythm···················································· 134 
4.44 25 unipolar electrograms recorded during ventricular fibrillation················ 135 
4.45 Laplacian electrogram (Black line) and the time derivative dV/dt (Blue line) and 
the corresponding unipolar electrogram for the center electrode (Magenta line) 
were plotted to determine the local activation time. The dotted red line indicated 
the moment of local activation····························································· 136 
6.1 Five unipolar electrograms recorded from the endocardium of the right ventricle 
using the TFMEA-SCM·············································......................... 143 
xvii 
6.2 Surface Laplacian electro grams calculated by using unipolar electrograms with 
different interelectrode spacing along with the corresponding unipolar electrogram 
recorded on the center electrode during normal sinus rhythm ...................... 144 
6.3 Surface Laplacian electro grams calculated by using unipolar electrograms with 
different interelectrode spacing along with the corresponding unipolar electrogram 




Cardiac mappmg has contributed significantly to the understanding of 
mechanisms responsible for cardiac arrhythmias and the associated clinical therapies [1-
4]. This area of research is driven by the incidence of Sudden Cardiac Death (SCD) 
which threatens more than 300,000 Americans each year and most SCDs are caused by 
abnormal electrical activities in the heart that escalate due to arrhythmias such as VF and 
Ventricular Tachycardia (VT) [5, 6]. However, the mechanisms involved in these 
abnormal cardiac events are not clearly understood. As a result, there is a need for the 
timely and accurate diagnostic information for the treatment of cardiac arrhythmias, 
which requires new techniques and methodologies to obtain a more clear understanding 
of the arrhythmia mechanism. 
Low spatial resolution measurements of electrical activities across the heart using 
traditional macroscale electrodes in contact with the epicardium [2], endocardium [7] or 
using optical mapping [8, 9] have been employed as a diagnostic tool to study the 
mechanisms of arrhythmia. However, traditional electrodes have several disadvantages, 
such as low-density due to the size of the electrode, no direct interface to record 
extracellular field potentials from single cells, and difficulty in maintaining precise 
localization on the tissue. On the other hand, high spatial resolution information on the 
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electrical activity of the heart may offer valuable insight into the cardiac excitation 
process, and allow direct comparison of normal and pathological cardiac 
electrophysiology, including the mechanisms responsible for cardiac arrhythmias. 
Advances and recent progress in micro fabrication techniques have led to the development 
of a wide range of MicroElectroMechanical Systems-based (MEMS) microelectrodes 
which have been used in basic electrophysiological studies [10-15]. These technological 
advances, primarily in the fabrication of microelectrode arrays, have great potential to 
enhance electrophysiological studies by creating a close interface to individual cells. The 
most common use of this family of devices has been in neurological stimulation and 
recording applications [10-14, 16]. When applied to cardiac tissue, such microprobes 
hold promise as a means to map extracellular voltage fields, characterize conductive 
properties, and precisely define the sequence of electrical activation [17, 18]. A major 
advantage of microfabricated electrode arrays is the ability to acquire electrical potential 
changes with high spatial resolution (-75 microns), which is on the size scale of 
individual cardiomyocytes. The ability to measure potentials at this resolution can aid in 
measuring or eliminating the potential gradient between the interstitium and the 
extracellular volume conductive medium. This may further improve the SL measurement 
technique, defined as the second spatial derivative of the field potential on the heart 
surface, which was reported to be superior to the unipolar electrogram (potential 
difference between the exploring electrode to the reference electrode) for the detection of 
local activation during ventricular fibrillation [19, 20]. The in-vivo transmembrance 
current density (1m) calculated using the Surface Laplacian technique may be improved as 
suggested in previous simulation studies [21]. 
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1.2 Objective Statement 
The objective of the study is to develop a high spatial resolution, MEMS-based 
thin-film microelectrode array interfaced to a custom-designed signal conditioning 
microchip for recording cardiac electrical activities at the cellular level. 
1.3 Hypotheses 
The SNR for high spatial resolution signals obtained with the TFMEA-SCM 
system will significantly increase compared to the TFMEA combined with an existing, 
traditional data acquisition system. 
Corollary 1: 
The local activation times derived from SL recordings from the TFMEA-SCM system 
will be within ± 1 % of the activation times obtained by the time derivative of the unipolar 
electrogram recordings. 
Corollary 2: 
The in vivo transmembrane current densities calculated using a 75 /lm interelectrode 
spacing on the TFMEA-SCM will be significantly higher compared to 1.4 mm and 2.8 
mm interelectrode spacings. 
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1.4 Specific Aims 
Specific Aim 1: 
Characterize the electrical performance of the TFMEA and SCM individually and as an 
ensemble using conventional electrical measurement techniques. 
Specific Aim 2: 
Characterize the TFMEA-SCM systems ability to obtain accurate unipolar and Surface 
Laplacian recordings by measuring the conductance of simulated ECG signals in an in 
vitro gel substrate system. 
Specific Aim 3: 
Collect and compare ECG recordings from a canine model usmg the TFMEA in 
combination with either the: 1) SCM; or, 2) existing, traditional data acquisition system. 
Specific Aim 4: 
Determine the local activation times using the zero crossing of the SL derived from the 
TFMEA-SCM system and compare to the activation times obtained by the minimum 
values of the time derivative of the unipolar electrogram. 
Specific Aim 5: 
Use the five unipolar electrograms and the derived current density equation reported in 
Chapter III to calculate in vivo transmembrane current densities with the 75 /lm 
interelectrode spacing on TFMEA-SCM and compare directly to the transmembrane 
current densities calculated with 1.4 mm and 2.8 mm interelectrode spacings. 
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1.5 Significance of the Study 
Traditional electrode configurations for measuring surface potentials and SLs do 
not provide direct contact with individual cells due to the relatively large size of the 
electrodes and consequently cannot measure potential gradients at the cellular level. It 
has been reported that the Surface Laplacian electrogram is superior to the unipolar 
electrogram in detecting local activation time during VF [20, 22, 23]. Also, SL 
morphologies can determine the activation block and wavefront initiation, and improve 
the transmembrance current density calculation [23]. However, SLs are still not widely 
used for cardiac mapping because of the technical limitations in making such recordings. 
Specifically, a single Surface Laplacian electrogram requires that the electrodes be as 
small as possible (~25 microns in diameter), close together (~75 microns apart) [24], and 
recorded at a higher sampling rate than unipolar electrode recordings (16 kHz) [22]. In 
addition, the current conventional technology being implemented utilizes long wires to 
transmit the signal from the electrodes to the first stage amplifier which results in a 
marked decrease in the SNR. 
Therefore, development of an integrated, surface potential recording system 
consisting of microfabricated electrode arrays directly interfaced with active signal 
conditioning components for obtaining Surface Laplacian electrograms from multiple 
sites simultaneously is significant for at least three reasons. First, the capability to 
measure surface potentials at high spatial resolution (75 !lm) will aid in measuring or 
eliminating the potential gradient between the interstitium and the extracellular volume 
conductive medium. Second, the recording system as an important research tool would 
benefit other researchers in this field of study. Third, the Surface Laplacian together with 
5 
knowledge of the tissue impedances, permits the dynamic tracking of the 
transmembrance current, which, when combined with knowledge of the changes in 
transmembrance potential obtained by optical recordings, will allow the dynamic 
monitoring of the changes In transmembrance impedance. This ability to track 
simultaneously the changes in transmembrance voltage, current, and impedance at 
multiple cardiac sites while also mapping the activation sequence will be an 
unprecedented laboratory tool that will greatly increase the basic understanding of the 
causes of conduction block during the initiation and maintenance of arrhythmias. 
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II. LITERATURE REVIEW 
2.1 Electrical Activity of the Heart 
The electrical activity of the heart plays an important role in coordinating the 
heart beats to provide life-supporting blood flow to the whole body. The heart beating, 
and the ensuing ejection of blood, are a direct result of the contraction of cardiac muscle 
cells. The cardiomyocyte contraction is caused by a change in the biopotentials across 
the cardiac muscle cell membranes to contract the heart rhythmically. 
There are two types of cardiac muscle cells. First, 99% of cardiac muscle cells 
are contractile muscle cells which are responsible for the mechanical work of the heart to 
function as a dual pump. Note that the contractile muscle cells normally do not initiate 
their own action potentials. In contrast, pacemaker cells, which exist in smaller quantities 
(1 %), specialize in the initiation and conduction of the action potentials responsible for 
contraction of the contractile cells. Pacemaker cells can be found in the following 
specific locations of the heart (Figure 2.1); the sinoatrial node (SA node), the 
Atrioventricular node (A V node), the bundle of His (Atrioventricular bundle), and the 
Purkinje fibers [25]. 
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2.1.1 Conduction System of the Heart 
The conduction system of the heart is shown in Figure 2.1. The red arrows 
indicate the conduction pathway in a normal heart. In the usual sequence of heart events, 
the SA node generates the pacemaker potential that synchronizes the entire heart 
contraction. The action potentials then propagate to and through the A V node, which is 
normally the only conduction pathway between the atria and the ventricles. Action 
potentials from the A V node spread across the bundle of His and then reach the Purkinje 
fibers. The action potential of the pacemaker cells is transmitted to the contractile 



























Figure 2.1 Specialized Conduction System of the heart [25]. 
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2.1.2 Action Potential 
In physiology, an action potential is a momentary change in electrical membrane 
potential of a cell that rises (Depolarization) and falls (Repolarization) rhythmically 
resulting in the transmission of an electrical impulse between adjacent cells [26]. It 
occurs in different types of excitable cells including neurons, muscle cells, and endocrine 
cells. In neurons, action potentials pass from one neuron to adjacent neurons to transmit 
impulses along a neural pathway to evoke a physiological response in other tissues of the 
body. In muscle cells, the main function of an action potential is to illicit a contractile 
response. 
In electrocardiography, the cardiac action potential is basically a combination of 
neural and muscular action potentials that is confined to heart tissue [27]. For example, 
an action potential of a ventricular myocyte has five phases (Numbered 0-4) as shown in 
Figure 2.2. First, there is Phase 4, which describes the membrane potential when the cell 
is not being activated; thus, it is also known as the resting membrane potential and is 
associated with diastole during the cardiac cycle. Phase 0 represents a rapid 
depolarization of the cell due to the opening of the fast Na+ selective ion channels that 
cause a rapid increase in the membrane conductance to Na+ resulting in a rapid influx of 
N a + ions into the cell. Phase 1 of the action potential occurs with the inactivation of the 
fast N a + ion channels and the repolarizing efflux of K+ and cr ions. The characteristic 
plateau (Phase 2) results from the opening of voltage-sensitive calcium channels causing 
an inward movement of Ca2+ and an outward movement of K + through the potassium 
channels. During Phase 3 (The "rapid repolarization" phase), the Ca2+ ion channels close, 
while the K+ ion channels are still open which ensures a net outward current, 
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corresponding to a negative change in membrane potential; thereby, allowing more K + 
channels to open until the membrane potential is restored to about -80 to -85 m V, 
returning to the resting membrane potential in Phase 4 . 
• Ca 2+ (in), K+ (out) 
·1 -L (Ca long) 
+52mV 1 
• 1 KS (K slow delayed rect. ) 
2 • K+ (out) 
• 1 KS (K slow delayed reet. ) 





• 11<1 (inward rect. ) 
Figure 2.2 The five phases of a cardiac action potential of the ventricle myocyte [28]. 
In reviewing the two different types of cardiac cells (Pacemaker vs. contractile 
myocardial cells) from an electrophysiology perspective, there are a number of 
differences between pacemaker and nonpacemaker cells (Figure 2.3 & Table 2.1). For 
example, pacemaker cells do not have stable resting potentials; however, nonpacemaker 
cells have a resting potential of90 mY. Nonpacemaker cells possess an extended plateau 
due to Ca2+ entry, but pacemaker cells do not have a plateau, which results in a shorter 
action potential duration. Pacemaker cells are autorhythmic, while nonpacemaker cells 
do not generate their own action potential and must be able to respond to an electrical 
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stimulus from adjacent cells. Nonpacemaker cells have the ability to remam 
unresponsive to a stimulus for a short period of time. On the contrary, pacemaker cells 






















Figure 2.3 Schematic representation comparing the action potential of pacemaker and 
nonpacemaker (Contractile) myocardial cells [29]. 
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Table 2.1 Comparison on the causes of the action potential of pacemaker and 
nonpacemaker myocardial cells [30]. 
Pacemaker Nonpacemaker 






begins -60 m V 
-90mV 
Threshold potential -40mV -40mV 
Depolarization Influx of CaL+ Influx ofNa + 
Repolarization Rapid efflux of K+ 
An extended plateau due to CaL+ entry 
A rapid phase due to K+ efflux 
Refractory period No Yes 
Time 150 msec 200 msec 
Hyperpolarization No No 
2.1.3 Cardiac Arrhythmias 
An arrhythmia is a variation from the normal rate (60 - 90 beats per minute), 
sequence or rhythm of the excitation of the heart [31]. Typical types of arrhythmias 
include the heart beating too fast, too slow, or with an irregular rhythm. A heartbeat that 
is more than 100 beats per minute is called tachycardia, whereas a slow heart rate, fewer 
than 60 beats per minute, is referred to as bradycardia. Other abnormalities in rhythm 
include atrial flutter, atrial fibrillation, ventricular fibrillation, and heart block. Most 
arrhythmias are harmless, but some can be serious or even life threatening. During an 
arrhythmia, the heart may not be able to pump blood sufficiently to the body. This lack 
of life-supporting blood flow can damage the brain, heart, and other organs. 
VF is a very serious rhythmic abnormality in which the ventricular musculature 
exhibits uncoordinated, chaotic contractions. Multiple impulses travel erratically in all 
directions around the ventricles. The electrocardiogram (ECG or EKG) tracing in 
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ventricular fibrillations is very irregular with no detectable pattern or rhythm, which 
renders the ventricles ineffectual as pumps when the contractions are so disorganized. If 
circulation is not restored in less than four minutes through external cardiac compression 
or electrical defibrillation, irreversible brain damage occurs and death is imminent. 
2.1.4 Electrocardiogram 
The EeG is the recording of the electrical activity on the body's surface that is 
generated by the heart, spreading into the surrounding tissue and conducted through the 
body fluid. Note: Only a small portion of the electrical currents generated by cardiac 
muscle during depolarization and repolarization reaches the body surface, so an EeG is a 
recording of that portion of the electrical activity which reaches the surface of the body, 
not a direct recording of the actual electrical activity of the heart. The EeG is a complex 
recording representing the overall spread of activity throughout the heart during 
depolarization and repolarization. It is not a recording of a single action potential in a 
single cell at a single point in time. 
The EeG recording represents comparisons in voltage detected by electrodes at 
two different points on the body surface, not the actual potential. So the exact pattern of 
EeG depends on the orientation of the recording electrodes. To provide standard 
comparisons, EeG records routinely consist of twelve conventional leads (Figure 2.4). 
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Lead II: 
Right arm to 
left leg 
Figure 2.4 Electrocardiogram Leads. Limb leads: Lead I: VI = <DL - <DR; Lead II: Vn = <1>F 
- <DR; Lead III: VIII = <1>F - <1>L; <1>L = potential at the left arm; <DR = potential at the right 
arm; <1>F = potential at the left foot (Left) and chest leads: VCD through V® (Right) [25]. 
Various components of the ECG recording can be correlated to specific cardiac 
events (Figure 2.5). Since firing of the SA node does not generate sufficient electrical 
activity to reach the surface of the body, no wave is recorded for SA node depolarization 
[25]. Therefore, the first recorded wave, the P wave, represents atrial depolarization and 
occurs when the impulse propagates across the atria. In a normal ECG, there is no 
separate wave for atrial repolarization. The electrical activity associated with atrial 
repolarization normally occurs simultaneously with ventricular depolarization, 
represented by the QRS complex, and is masked by the QRS complex. The P wave is 
much smaller than the QRS complex because the atria have a much smaller muscle mass 
than the ventricles and consequently generate less electrical activity. The T wave 
represents ventricular repolarization. There are three times when no current is flowing in 
the heart musculature and the ECG remains at baseline: PR segment, ST segment, and TP 
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segment as shown in Figure 2.5. The ECG can be useful in diagnosing abnonnal heart 
rates (Tachycardia and bradycardia), arrhythmias, and damage in heart muscle [25]. 
R 
T 
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segment segment 
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ST.segrne t Tim . uri n9 Which v ntricl 8 
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Interval. me d 9 which 'Ventricl .. 
are axing and III 9 
Figure 2.5 ECG wavefonn in lead II: right arm to left leg [25]. 
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2.2 Cardiac Mapping: Definitions 
Cardiac mapping, broadly defined, is the acquisition, analysis, and display of 
electrical and mechanical signals associated with cardiac physiology as a function of time 
recorded from one or more locations on and/or in cardiac tissue [32]. It represents the 
temporal and spatial distributions of action potentials generated by the myocardium 
during normal and abnormal rhythms. Different cardiac recording methods including 
body surface [33,34], epicardial [35,36], myocardial [37,38], endocardial [39,40], and 
optical [41, 42] recordings. This field of research offers critical information about the 
spread of action potential from its initiation to its completion within a region of interest in 
order to identify the site of origin or a critical site of conduction for an arrhythmia. It has 
become increasingly important in the study, diagnosis, and treatment of cardiac 
arrhythmias and other heart diseases. 
2.2.1 A Brief Historical Survey of Cardiac Mapping 
The heart's electrical activity was investigated by Kolliker and Mueller [43] as 
early as 1856. They first proposed the relationship between electrical currents and the 
contraction of heart muscles in frogs. In 1887, Waller [44] developed a capillary 
electrometer that rose and fell with the changes in heart muscle current and completed the 
first electrocardiographic study in human hearts. A few years later, Einthoven [45] 
invented the string galvanometer which consisted of a thin silver-coated quartz wire 
stretched between the poles of a magnet to achieve the earliest high-fidelity ECG 
recordings. 
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In 1915, the sequence of electrical activation in the ventricles of normal dogs was 
determined using similar methodologies as in today. Metallic sensors were employed to 
detect the depolarization wavefronts on the myocardium. Using a roving electrode and a 
string galvanometer, Lewis and Rothschild [46] first recorded electrical activity in the 
hearts of dogs and demonstrated that the earliest breakthrough of activation to the 
epicardium during a normal heart beat occurred in the right ventricular free wall. Wilson 
et al. [47] studied the changes in the form of the electro grams measured from the 
epicardium surface of the right and left ventricles using a string galvanometer with input 
to a DC amplifier. With a two-channel cathode-ray tube oscillograph, Durrer and his 
colleagues [38] studied the characteristics of activation patterns acquired in canine 
myocardium within the left ventricular wall using eleven electrode needles. They also 
recorded many activation waves propagated in a very small area on the epicardial surface 
using multiple differential electrodes [36]. In the above experiments, researchers focused 
more on the morphology of electrograms, until Durrer et al. [48] determined the normal 
sequence of activation in isolated human hearts using multiple plunge needle electrodes 
with 10-20 recording points per needle to map intramyocardial propagation. The needles 
were connected to a 14 channel data acquisition system, and moved from point-to-point 
until hundreds of points were mapped. Their research was a significant advancement 
because epicardial excitation pattern and conduction velocity was initially discovered. In 
1971, Sidney et al. [49] recorded the in vivo electrical activity of the Bundle of His of 
children for the first time by using an electrode catheter. These latter studies were capable 
of recording the details of electrical activation sequence of the heart which marked the 
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emergence of modem cardiac mapping. Nonetheless, these methods were limited by 
being an invasive or time consuming procedure. 
2.2.2 Traditional Cardiac Mapping Approaches 
Most cardiac mapping is performed with either unipolar or bipolar electrodes and 
with either simultaneous multielectrode arrays or sequential recordings from several 
electrodes on the distal end of a catheter [50]. A unipolar electrogram is recorded using a 
single electrode relative to a distant, stable reference electrode; while a bipolar 
electrogram is recorded between two closely spaced electrodes. In unipolar recordings, 
the time where the steepest negative slope or minimum derivative (dV/dt)min occurs has 
been proposed as the best indicator for the underlying myocardial activation [51]. In 
biopolar electro grams, the peak of the main deflection in the bipolar recordings is the 
most widely used criterion for determining the local activation [52]. 
Sequential recordings use a roving electrode positioned within or on the heart to 
record each action potential during a different heartbeat. Smith and Ideker [53] 
constructed a composite activation map from a sequence of individual beats during 
normal sinus rhythm, artificial pacing, and spontaneous arrhythmias. The sequential 
recording has the advantage of requiring a minimal hardware set-up and has provided 
valuable information to understand the electrical activation patterns of the heart. 
However, it possesses the limitation of assuming an identical activation sequence 
between beats which may only be valid during specific types of arrhythmias, but not all 
cases. Nonetheless, simultaneous recordings could overcome this limitation encountered 
by using multielectrode arrays to map the electrical activity from multiple sites on or in 
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the heart at the same time. Davis et al. [40] developed a new approach for mapping 
ventricular tachycardia using simultaneous recordings from up to 60 catheter electrodes 
placed on the surface of the endocardium. This technique permits detailed catheter 
mapping of all types of monomorphic ventricular tachycardias, and should enable better 
choice and direction of surgical or catheter ablation. However, the spatial resolution was 
poor, around ~1 to 2 cm, due to the relative large size of the catheters. Downar et al. [54] 
studied the endocardial recording of VT in patients by using silver beaded electrodes 
attached to a nylon mesh extended over a latex balloon. The interelectrode spacing is 
much smaller (Interelectrode spacing: 10-30 mm). However, it is still large comparing to 
cardiomyocytes and the assemble process results in inaccuracy of the electrode position. 
Elder et al. [55] investigated the endocardial potential distribution using a basket-shaped 
catheter carrying 64 electrodes in the left ventricle during normal sinus rhythm in a swine 
model. Basket catheter does not require surgical procedures such as open heart surgery 
and draining the blood from the cardiac chambers. Although these simultaneous 
mapping studies have merit in that they enable the comparison between multiple 
recordings at the same time from different locations of the heart, these approaches are 
limited due to: 
1) Poor electrode density (The number ofthe electrodes over a certain area) leads to poor 
spatial resolution in the recordings; 2) An inability to record action potentials generated 
by a single cell due to the relatively large electrode-tissue contact area; 3) An extreme 
difficulty in precisely placing and maintaining the large electrodes in the accurate 
position of interest on the beating heart; 4) Acquiring different recording artifacts such as 
power line interference, electrode contact noise, motion artifacts, muscle contraction, 
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base line drift, instrumentation noise generated by relatively large electrodes and massive 
electronic devices; and, 5) The insertion of the electrodes into the cardiac tissue caused 
tissue damage which restricts the use of the recording methodology in the clinic. Thus, 
electrodes on a size-scale close to individual neurons or cells offer great potential for 
acquiring high spatial resolution recordings, which would be in high demand for basic 
electrophysiology research and clinical applications. 
2.2.3 Introduction about Surface Laplacian 
The Surface Laplacian is defined as the second spatial derivative of surface 
potentials on the surface of the heart. The SLs on a planar potential field, can be 
represented by using a two-dimensional second derivative operator in equation 2.1 [56]. 
Equation 2.1 
where SL and rp( x, y) represent the Surface Laplacian and the surface potential at a point 
(x, y) on the surface, respectively. For a configuration consisting of 5 electrodes as 
shown in Figure 2.6, the components of the SL can be represented by: 
orp = tJ.rp = rp(x+d,y)-rp(x,y) = rp(x,y)-rp(x-d,y) Equation 2.2 
& d d d 
tp(x + d, y}- tp(x, y} tp(x, y}- tp(x - d, y} 
d - d = tp(x+d,y}+tp(x-d,y}-2*tp(x,y} Equation 2.3 
d d 2 
tp(x,y + d}- tp(x,y} tp(x,y}- tp(x,y - d} 
d - d = tp(x,y + d}+ tp(x,y - d}- 2 * tp(x,y} Equation 2.5 
d d 2 
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Substituting equation 2.3 and 2.5 into 2.1, the Laplacian electrogram at the center 
electrode can be given as: 
S1 
4 * tp{x,y)- tp{x + d,y)- tp{x - d,y)- tp{x,y + d)- tp{x,y - d) E t' 26 = 2 qua IOn . 
d 
Therefore, from equation 2.6, it can be seen that the Surface Laplacian is 
approximately equal to the potential difference between tp(x,y) at the center electrode 
and the surface potentials at its four surrounding electrodes. 
Figure 2.6 A diagram of a five electrode configuration for determining the SLs. 
Some investigators have suggested that the Surface Laplacian is superior to 
unipolar electrograms in detecting local cardiac tissue activation since the SL can 
accurately determine the local activation time, activation block and wavefront initiation 
[57]. Furthermore, because the SL is proportional to the transmembrane current density, 
the calculated SL allows for the quantification of transmembrane current flow [23]. In 
some complex ventricular activation pattern cases, as occur in VT, determination of the 
local activation time is often not straightforward due to the concurring repolarization 
waves and potential deflections of remote activity generated by atria. In addition, 
discrete, finite activations are not always present in unipolar recordings during VF. Since 
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SLs reflect the potential difference between adjacent cells, the influence of the 
intervening repolarization waves and remote activity deflections can be suppressed. 
Inhomogeneities of the surface potential gradients due to discontinuities in cell-
to-cell action potential propagation are averaged when measured by traditional electrode 
configurations with larger scale interelectrode spacings. Surface potential measurements 
with widely spaced electrodes include effective tissue impedances that consist of 
complex combinations of intracellular, interstitial, and extracellular impedances. 
Contrarily, surface potentials measured with recording electrodes separated on a cellular 
size scale include no intracellular contributions because intracellular access is not 
required for transmembrane current density calculation [58]. 
2.3 Overview of Current MicroElectrode Array Techniques 
Over the last decade, MEMS has produced numerous commercial products such 
as accelerometers [59, 60], chip-scale digital mirror displays [61, 62], and inkjet printer 
heads [63, 64]. Most recently, the biotech and biomedical community has gained great 
benefit by embracing new technologies developed in related fields such as MEMS. 
Biomedical MicroElectroMechanical Systems (BioMEMS) has emerged as a subset of 
micro fabricated devices for applications in biomedical research and medical devices [65]. 
BioMEMS usually contains sensors, actuators, mechanical structures and electronics. 
Such systems are being developed as diagnostic and analytical devices for life sciences 
and clinical applications. 
MicroElectrode Arrays (MEAs) are produced usmg MEMS-based fabrication 
techniques. MEAs are arrangements of multi electrodes used for multi site extracellular 
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recordings from electrogenic cells, such as neurons, heart cells, retinal cells or muscle 
cells. MEAs usually contain multiple miniaturized plates or shanks through which 
biopotentials can be obtained or delivered, essentially serving as interfaces that connect 
cells to electronic circuitry [66]. The electrodes on an MEA can either transduce the 
change in voltage on the cell membrane carried by ions into currents carried by electrons 
(Electronic currents) or transduce electronic currents into ionic currents of the cells 
commonly referred to as recording or stimulating electrodes, respectively. 
2.3.1 Neurology Applications of MEAs 
MEAs have been first used in the fields of neuroscience to study the fundamentals 
of learning processes, aging and mental diseases, to assess the behavior of electrogenic 
cells [67-69]. Modem neural recording and stimulation devices make use of MEAs to 
establish direct neuro-electronic interface. Nagle et al. [70] have developed a MEA 
consisting of three plunge probes with four, three, and two sites, respectively. The MEA 
is inserted up to 2.5 mm into the brain of a rat. The probes vary in width from 80 to 130 
)lm with a center to center spacing of 300 )lm. Each of the nine recording sites has a 
surface area of 10 )lm x 10 )lm and is arranged on a 50 )lm vertical pitch. Unfortunately, 
the relatively large width and length of the probes on the MEA made it difficult to insert 
the sensor into the tissue and caused damage to the nerve cells. In another study, 
Csicsvari et al. [71] reports on the development of a massively parallel recording system 
to measure unit and local field potentials with silicon-based electrodes. The two-
dimensional probes with 96 or 64 iridium recording sites (108 )lm2 with 100-)lm vertical 
spacing and 300-)lm horizontal spacing) provide high-density recording with minimal 
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tissue displacement or damage. The on-chip active circuit eliminates movement and 
other artifacts and greatly reduces the weight of the headgear. They record action 
potentials from the soma and dendrites of the same neuron simultaneously. The tissue 
damage is reduced by minimizing the silicon probe. However, the probes may not offer 
enough strength to successfully penetrate the tissue. Yao et al. [15] reports on a low-
profile 3-D silicon microelectrode array for selectively stimulating the central nervous 
system. The array consists of 64-site 8-channel planner CMOS probes, a platform to 
support the probes on the cortical surface, spacers to hold the probes orthogonal to the 
platform, and a hybrid chip for platform address coding. The high-density MEAs have 
1024-sites, 400 ~m apart that can stimulate a 47 mm3 volume of neural tissue. When 
these silicon-based recording sensors are used to recording surface potentials, the ability 
to penetrate the brain tissue with the silicon shanks using sufficient force without 
breaking the shanks remains a challenge as well as minimizing neuronal damage. 
Hollenberg et al. [72] have developed a method to microfabricate flexible electrode 
arrays on a thin Kapton substrate, which is engineered to minimize trauma when inserted 
between the dura and skull to obtain surface EEG recordings. The array consists of 64 
gold electrodes, each 150 ~m in diameter on a 750 ~m spaced 8x8 grid. However, there 
are some limitations in chronic applications of their probe, including further long-term 
testing is required to demonstrate the bio-compatibility of the SU-8 and other types of 
coatings on the Kapton and the circuit board is bulky so a true chronic implementation of 
the array cannot be achieved. Wang et al. [73] present a novel interface using vertically 
aligned multiwalled carbon nanotubes (CNT pillars) as microelectrodes that offers a high 
charge injection limit (1-1.6 mC/cm2) without faradic reaction. They demonstrate in vitro 
24 
stimulation of hippocampal neurons and suggest that CNTs are far safer and more 
efficacious for neural prostheses than previous metal electrode approaches. However, the 
sensor is fabricated on hard quartz substrate. Therefore, its application for in vivo 
recording may be limited due to the contoured surface of the heart. The new materials, 
such as Carbon Nanotubes, hold promise because of their good conductivity and charging 
properties; however, the process to grow them on the sensor is difficult and possibly not 
compatible with most polymer materials due to the high temperature process employed. 
The fragility of the carbon nanotubes may also prevent the sensor from being reusable 
after the measurement. Gawad et al. [74] reports on the use and fabrication of arrays of 
120 planar microelectrode arrays with sputtered Iridium Oxide (lrOx). The effective 
surface area for the individual microelectrodes is significantly increased using 
electrochemical activation which results in a very low interface impedance, especially in 
the lower frequency domain. They record multiple single-unit spike activity in acute 
brain slice preparations of the rat neocortex. Their data suggests that extracellular 
recording of the action potentials can be achieved with planar IrOx MEAs with good 
signal-to-noise ratios. These new materials or structures on the recording sites are 
promising due to their optimized properties. However, their biocompatibility is still 
questionable so it is necessary to conduct further studies. Kim et al. [75] present a 
polymer-based implantable microelectrode array for monitoring and examining the 
degree of regeneration of peripheral nerves. The regeneration of the injury is evaluated 
by measuring the nerve signals following the stimulation of the proximal stump. The 
signal amplitude and conducting velocity are measured and calculated. The devices are 
less invasive than current devices with a high electrode density. In addition, the 
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flexibility and unique surface properties of the thin-film polyimide substrate with a 
compact device platform make them amenable to a variety of surgical implantation 
procedures. However, polarizable Pt, which is more suitable for stimulating application, 
may increase the SNR during recording due to the over potential generated at the sensor-
tissue interface. 
2.3.2 Cardiac Electrophysiology Applications of MEAs 
When applied to cardiac tissue, MEAs hold promise as a means to map 
extracellular voltage fields, characterize conductive properties, and precisely define the 
sequence of electrical activation [17, 18]. Kim et al. [37] report on micromachined 
probes, with iridium (Ir) microelectrodes on silicon shanks for cardiac recording. The 
electrochemical activated circular Ir microelectrodes on a single-shank microprobe were 
applied to the left ventricle of a mouse heart. Both the spontaneous and paced transmural 
response propagating between epicardium and endocardium are obtained. Longitudinal 
cardiac wavefronts propagating along the rabbit papillary muscle are also recorded with a 
unique multiple-shank design. These microprobes with precisely defined electrode 
spacing make a useful tool for the spatial and temporal mapping of electrical properties in 
isolated heart tissue in situ. One limitation of the microprobe is that some relative motion 
between the microelectrode and the surrounding cardiac tissue can be present depending 
on the position of the microprobe and the tissue contraction. Timko et al. [76, 77] show a 
nanowire field-effect-transistor (NWFET) array, fabricated on both planar and flexible 
polymeric substrates, interface with spontaneously beating embryonic chicken hearts. 
The NWFET array is fabricated with sub-l0-Jlm spacing, and could provide data at 
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subcellular resolution. NWFET arrays on flexible plastic and/or biopolymer substrates 
can become unique tools for electrical recordings on other tissue/organ samples or as 
powerful implants. However, lack of adjacent signal conditioning circuitry may cause 
the recorded signal too noisy to be analyzed especially in the case of subcellular 
recordings. Jacquir et al. [78] have studied the excitation spread of action potentials with 
cellular resolution in confluent mono layers of cultured cardiomyocytes using an MEA 
that consists of 60 substrate-integrated micro electrode arrays (8 x 8 matrix, 30 pm 
electrode diameter, 200 /lm inter-electrode distance). The pitch of their MEAs is still 
significantly larger than the size of individual cardiomyocytes (75 /lm), thus Jacquir's 
MEAs are unable to measure cellular level potential gradients. Frey et al. [79,80] reports 
on a CMOS-based microelectrode array featuring 11,011 metal electrodes (7 /lm in 
diameter, 18 /lm in pitch) and arbitrarily selected 126 channels via a reconfigurable 
routing scheme that functions as both recording and stimulation electrodes for 
extracellular bidirectional communication with electrogenic cells. The system is 
comprised of promising important features including high spatial resolution at the 
cellular/subcellular level, reconfigurable routing of the recording sites, and low noise 
level. The design overcomes the connection limitation by making use of an on-chip signal 
multiplexing capability. This design is good for mapping cells cultured on the MEA. 
However, the rigid board design limits its use in vivo since epicardial measurements 
would be difficult due to the irregular and contoured shape of the epicardium. In addition, 
polarized Pt is selected as the electrode surface material, which is superior for stimulation 
but may yield poor SNR for recording applications. Post-CMOS metal deposition on the 
tissue contact could possibly damage the chip or cause chip failure. Furthermore, the 
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sampling rate was lower for high spatial resolution cardiac mapping compared to other 
methodologies due to the multiplexing capability which could result in detailed 
information being easily missed. 
2.4 Summary 
Recording electrical activities at various locations on the heart, both in vivo and in 
vitro, is a widely used methodology in the field of cardiac electrophysiology for studying 
the mechanisms of excitation patterns or pathways responsible for different kinds of 
cardiac arrhythmias. Traditional measurements of activation across the entire heart using 
low-resolution macroscale metallic electrodes in contact with the epicardium have been 
employed as a useful tool to diagnose the origins of arrhythmias. Recently, high spatial 
resolution recordings on the heart using microelectrode arrays have been achieved. More 
detailed information, such as the conduction velocities in heart tissue, the local activation 
propagation, normal and pathological excitation pattern, etc., was observed from the 
MEA recordings compared to signals obtained using larger scale electrodes. MEA 
technology can be applied to any electrogenic tissue, such as neurons, heart cells, and 
muscle cells, which offers the unique possibility of obtaining minimally-invasive 
extracellular recordings from multi-electrodes simultaneously. Currently, 
microtechnology-based devices have become attractive tools for cardiac mapping since 
an increasing number of diseases have been shown to be related to the dysfunction of ion 
channels or electrical pathways. 
However, none of the described studies above have investigated high spatial 
resolution Surface Laplacian at the size scale of individual myocyte using specially 
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designed microelectrode configurations. In addition, the aforementioned investigations 
do not leverage the recording properties of conventional microelectrode arrays with 
additional features such as precise control of the electrode geometries, flexible materials, 
and a microscale Surface Laplacian configuration to improve the accuracy and 
performance characteristics of the sensor. The previous studies do not explore modifying 
the composition of the electrode material to optimize the performance of the electrodes in 
the recording mode. Optimization of the electrode which interfaces directly with the 
tissue would enhance the signal-to-noise characteristics and promote nonpolarizable 
electrode behavior which allows current to pass freely across the interface without 
requiring energy to make the transition to eliminate the possibility of over-potentials. 
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III. MATERIALS AND METHODS 
In this chapter, the design, fabrication and characterization method of the TFMEA 
is described in great detail. In addition, the configuration of the SCM is introduced and 
its performance is characterized through electrical simulation and testing. Finally, the 
TFMEA-SCM system functionality is further verified through specially designed in vitro, 
in vivo, and in situ experiment. 
3.1 TFMEA Design and Fabrication 
3.1.1 TFMEA Design 
In this study, three generations of TFMEAs with different configurations were 
designed to record extracellular signals on the epicardium in vivo and endocardium on the 
isolated heart as shown in Figures 3.1-3. For each generation, different types of 
TFMEAs were designed to improve its electrical, electrochemical, and mechanical 
properties to make them more suitable to monitor extracellular field potentials on the 
surface of the heart. In common, the TFMEAs contained both low impedance electrical 
contacts to the cells and passivation layers to insulate the conductive metal traces 
connecting the recording sites to the bond pads. The TFMEAs consisted of five fingers 
(Covering area = 4 mm2 and 16 mm2) with each finger consisting of five individual 
electrodes in orthogonal directions (Electrode diameter = 25 /lm; pitch = 75 /lm). 
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It 
(a) TFMEAs with (Top) and without (Bottom) metal rings around the suture-holes. 
Covered area of the recording sites = 4 mm2. 
(b) TFMEAs with (Top) and without (Bottom) metal rings around the suture-holes. 
Covered area of the recording sites = 16 mm2. 
Figure 3.1 The first generation of TFMEAs. Metal traces of individual microelectrodes 
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(a) TFMEAs with (Top) and without (Bottom) metal rings around the suture-holes. 
Covered area of the recording sites = 4 mm2. 
(b) TFMEAs with (Top) and without (Bottom) metal rings around the suture-holes. 
Covered area of the recording sites = 16 mm2. 
Figure 3.2 The second generation of TFMEAs. Metal traces of individual 
microelectrodes with the same length resulted in equal resistance. 
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Figure 3.3 The third generations of TFMEAs with longer neck to allow free movement of 
the recording head and fluid drain-holes around the recording sites. Covered area of the 
recording sites = 4 mm2 (Top) and 16 mm2 (Bottom). 
3.1.2 Design Considerations 
1. The interelectrode spacing ofTFMEAs was designed as 75 ~m, matching the size 
of caridomyocytes, to achieve high spatial resolution or cellular level cardiac 
mapping. This design could add in measuring or eliminating extracellular volume 
conductor effect, which may improve transmembrane current density calculation. 
2. Specially designed microelectrode configuration in each fmger - five MEAs in 
orthogonal directions enable Surface Laplacian calculation. 
3. The substrate and encapsulation material for TFMEAs require good biocompatible, 
chemical resistant and dielectric properties. Polyimide PI-2611 was selected as an 
insulator because of its numerous excellent properties including long term 
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biocompatibility, good chemical resistance to acid, base, and solvents, good 
adhesion to metals, and high dielectric properties. 
4. The sensor tissue contacts require the non-polarizable material, such as Ag/AgCI, 
to minimize the offset potential. The recording sites on TFMEAs were covered 
by Ag/ AgCI using electroplating and chloridization processes to provide the non-
polarizable interface. 
5. The metal traces connecting the sensor tissue contact to the bond pads have good 
conductivity to lower the DC resistance of the sensor. Platinum, offering good 
conductivity, was selected to create the conductive metal lines. In additional, its 
high chemical stability enables Pt to endure oxidation or corrosion during multiple 
fabrication processes. 
3.1.3 Configuration and Dimension 
The TFMEA consists of 25 circular microelectrodes in five fingers with each 
finger containing five individual electrodes in orthogonal directions (Figure 3.4). The 
electrodes have diameters of 25 ~m and are separated by 75 ~m in each finger. The 
interelectrode spacing (75 ~m) is on the scale of individual cardiomyocytes. This design 
enables five cellular level Surface Laplacian electrograms calculated from 25 unipolar 
electro grams 75 um apart. 
In addition to the 25 recording electrodes, the first design of the TFMEA contains 
four larger holes on the insulation polyimide to maintain the exact recording locations by 
suturing the sensor on the epicardium or endocardium surface. The insulated metal rings 
were designed to make the substrate more robust during suturing. In the third design, 
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several larger holes were opened on the recording head to drain the extra body fluid or 
solutions 
Figure 3.4 Five micro electrodes in orthogonal directions in one finger (Top) and 25 
recording sites (Bottom) on TFMEA. 
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to make good contact with tissue during testing. The polyimide passivation layer provides 
a biocompatible surface. TFMEA recording sites are covered by electroplated Ag/ AgCI 
in the vias etched in the polyimide layer. The size of these vias defines the electrode 
diameters of 25 11m. 
3.1.4 Material Selection 
3.1.4.1 Substrate and Encapsulation Material: Polyimide (PI-2611) 
To match the mechanical properties of the soft cardiac muscle tissue, polymer 
based materials are flexible enough to mimic biological tissue. Polyimide (PI-2611, HD 
Microsystems, Cupertino, CAl was selected as the substrate and encapsulation material to 
form the body of the TFMEA in this study. PI-2611 is a low moisture uptake (0.5 %), 
low stress (Coefficient of Thermal Expansion = 5 ppmtC), high modulus of elasticity 
(8.5 GPa), and high dielectric constant (2.9 at 1 kHz) polyimide designed for MEMS 
applications such as semiconductor and packaging dielectric as well as substrate material. 
The cured polyimide was patterned using dry etching techniques such as Reactive Ion 
Etching (RIE). Film thicknesses in the range of 3 - 8.5 )..lm were obtained in a single coat 
with good uniformity by varying spin speeds in the range of 5000 - 2000 rpm. The 
polyimide substrate can withstand metal sputtering such as Ti, Au, Pt, and Al without 
substantial damage. 
3.1.4.2 Adhesion Layer: Titanium (Ti) 
Titanium is an excellent adhesion layer because it readily forms oxides nitrides or 
carbides with adjacent layers. Titanium has good adhesion to silicon, silicon dioxide and 
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cured polymers, so it is frequently used as an adhesion layer for less adhesive metals such 
as gold or platinum [81]. Ti is usually sputtered using the standard sputtering machine 
and the film properties depend on deposition conditions such as vacuum base pressure, 
power, temperature, and Argon pressure. 
3.1.4.3 Conductive Material: Platinum (Pt) 
Platinum is the most widely chosen material for microelectrodes because Pt is 
relatively inert to oxygen and generally unreactive. It exhibits an excellent corrosion 
resistance, and as such is considered a noble metal. In addition, Platinum was selected as 
the base conductive metal due to its low electrical resistivity (l05 nQ'm at 20°C) [82]. 
In this research, TFMEAs consisting of platinum tracks which are sandwiched 
between two layers of polyimide. One of the last fabrication steps was the RIE on 
polyimide to expose electrode recording sites and contact pads. Platinum is highly 
polarizable metal meaning that the ionic current in tissue can give rise to an electric 
current in the metal electrode, and almost no charge carriers pass through the interface. 
Therefore, it behaves more as a capacitor. Consequently, platinum electrodes are usually 
used as stimulation purpose. 
3.1.4.4 Recording Sites Materials: Ag/AgCI 
Agi AgCl electrode is a type of reference electrode, commonly used in 
electrochemical measurements. The electrode has many features making it suitable for 
cardiac mapping studies: perfectly nonpolarizable allowing current passes freely across 
the interface requiring no energy to make the transition, therefore there are no over 
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potentials generated at the interface; simple construction; inexpensive to manufacture; 
non-toxic components to cardiac tissue. 
3.1.5 TFMEA Fabrication 
The geometry of the sensors, including number, spacmg, and size of the 
microelectrodes was determined by the masks used for the photolithography steps. Three 
photo masks for the fabrication of TFMEAs were drawn using L-Edit (Tanner Research, 
Monrovia, CA) and shown in Figure 3.5. A single 100 mm diameter wafer can be used to 
produce ten TFMEAs. The TFMEA was fabricated using traditional photolithographic 
processing techniques, including UV photolithography, image reversal, metal sputtering, 
lift-off, oxygen plasma etching, chemical wet-etching and electroplating, et al. This work 
was done in class 100 (non-photolithography steps) and 1000 (photolithography steps) 
Cleanroom of MicrolNano Technology Center at University of Louisville. 
(a) Mask #1 
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(b) Mask #2 
(c) Mask #3 
Figure 3.5 Three photo masks for development ofTFMEAs: 
(a) Mask #1: Pattern the metal layers (Electrode recording sites, conductive metal traces, 
and bond pads) ofTFMEAs; (b) Mask #2: Define the outer perimeters as well as the 
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openings (Recording sites and bond pads) on the polyimide layer; (c) Mask #3: Define 
the electroplating area - expose electrode-tissue contacts to the electroplating solution. 
3.1.5.1 Fabrication Substrate: Oxidized Silicon Wafer 
A 4-inch diameter oxidized silicon wafer was selected as the fabrication substrate. 
The silicon wafer was cleaned to remove all foreign matters from the surface including 
dirt, scum, silicon dust, and so on prior to processing. This procedure entails the use of 
two solutions which contain hydrogen peroxide (H202) to remove residual organic, ionic 
and metallic contamination left behind by the conventional solvent and HF cleaning 
procedure. A 500 nm thick silicon dioxide layer was then thermally grown on the silicon 
wafer serving as a dielectric layer for subsequent processing steps. 
3.1.5.2 Polyimide (PI-2611) Coating 
PI-2611 was stored in the freezer (Temperature = -18°C) when not in use. A 
small quantity of polyimide was transferred to an amber bottle for processing. The 
polyimide can be kept at 25°C for about a month before its properties will start to 
degrade. First, take the amber bottle out of the freezer. Wait about 2 hours for PI-2611 
to reach room temperature (25 ° C) before opening the container to prevent moisture in the 
air from being absorbed into the liquid polyimide. Bake the wafer on the hot plate (CEE 
Standard 1100, Brewer Science, Inc., Rolla, MO) for 3 minutes at 115°C to evaporate the 
excess moisture present on the surface. No adhesion promoter was applied because the 
sensor would be separated from the wafer eventually. Set the wafer on a 4-inch wafer 
holder on the Headway Spinner (Headway Research, Inc., Garland, Texas) and turn the 
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vacuum on. Pour a small amount of liquid polyimide in the center to cover about 20% of 
the wafer and allow it to settle for ten seconds. Program the spin recipe as the following 
instruction. The thickness of polyimide after curing process will be determined by using 
different spin speeds. Achieving a thickness of 4.5-llm polyimide layer in this step, the 
spin parameters were set in Table 3.1. 
Table 3.1 Spin recipe for the first layer ofPI-2611. 
Step 
1 2 3 
Initial Spread Sj!in Stop 
Spin Speed (rpm) 500 4500 0 
Ramp (rpm/s) 1000 1000 1000 
Time Hold Speed (s) 5.0 30 0 
Remove the wafer from the spinner using the wafer alignment tool. Visually 
examine the polyimide coating layer. If proper coverage is obtained, do a soft bake on 
the hot plate at 115°C for 90 seconds. Then vertically place the sample on a glass wafer 
holder. 
3.1.5.3 Polyimide (PI-2611) Curing 
The sample was then transferred into a polyimide bake processing system (YES-
550PB6/8112-2P-CP, Yield Engineering Systems, Livermore, CA). The YES high 
temperature cure oven is designed to provide a controlled temperature ramp curing 
process up to 450°C in an oxygen-free environment. In addition, YES oven provides a 
cleaner process in a controlled environment, so higher yields are expected. The oven 
utilizes laminar flow technology to keep wafers clean during curing process (Figure 3.6). 
Critical steps in any cure process include complete removal of residual solvents, uniform 
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temperature distribution, pressure control, ability to maintain dry inert atmosphere, and 
control of heating and cooling rates. 
Figure 3.6 Inside view of the chamber of YES high temperature cure oven. 
Polyimide curing was performed in an atmosphere of nitrogen in this study. The 
temperature range was set from SO - 3S0 °C with a slow ramp rate of 100 °C/hour as 
given in Figure 3.7. The sample was cured at 3S0 °C for one hour to fully polymerize the 
layer, making it very resistant to chemical etchants and moisture, and increase its 
adhesion to the Si02 substrate. The above temperature profile was programed and 
achieved in the polyimide bake processing system. To cure the polyimide with a 
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Figure 3.7 Temperature profile for curing PI-2611. 
3.1.5.4 Photoresist (1827) Deposition 
Positive photoresist Shipley 1827 (Shipley Company, Inc., Marlboro, MA) was 
selected in this step because it offers better resolution and better process controllability 
for small geometry features compared to the negative photoresist. Shipley 1827 was spun 
on top of the polyimide layer using the Headway spinner. The photoresist was 
photolithographically defined to transfer the pattern on a photo mask to the surface of the 
sample. The spin recipe set on the spinner is shown as followings. 
Table 3.2 Spin recipe for Shipley 1827. 
Step 
1 2 3 
Initial Spread Spin Stop 
Spin Speed (rpm) 500 4000 0 
Ramp (rpm/s) 1000 1000 1000 
Time Hold Speed (s) 0.2 10 0 
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A followed soft bake was performed on a hot plate at 115°C for 90 seconds. This 
step removed most of the solvents from the photoresist coating and increased its adhesion 
to the substrate. 
3.1.5.5 Photolithography - Metal Traces Creation Utilizing Mask #1 
The phtotlithography step was performed on a MAlBA6 mask aligner (SUSS 
MicroTec AG, Garching, Germany; Figure 3.8) by UV exposure. The mask aligner is 
designed for all standard lithography applications. It offers high quality exposure optics 
for high resolution and optimum edge quality. The hard contact printing method was 
utilized in this step. The photo mask was brought in direct contact with the photoresist 
layer coated on the sample. The resolution of the hard contact printing is relatively high 
which generates fewer defects because there is no gap between the photo mask and the 
substrate. AI: 1 image was printed from the mask to the substrate. However, the hard 
contact printing method may cause damage or scratch on the photo mask during exposure. 
The minimum feature size bmin (Line or space) depends on the wavelength of the UV 
light used for exposure and is given by Equation 3.1. 
where "A is the wavelength ofthe illumination, and d is the photoresist thickness. 
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Figure 3.8 A SUSS MAlBA6 mask aligner. 
In this step, the thickness of Shiply 1827 is approximately 2.7 ~m and the UV 
wavelength is 405 nm. Then Equation 3.1 predicts the minimum feature size to be 
approximately 1.11 ~m for this printing method on this instrumentation. As a result, the 
minimum feature size is set to 3 ~m in the photo mask design. The exposure time for 
Shipley 1827 is 15 seconds with a total power of350 Wand an intensity of2 mW/cm2• 
3.1.5.6 Image Reversal on the Positive Photoresist 
With an image reversal technique, the area on the exposed positive photoresist 
remains after the develop process. Therefore, in designing the mask pattern, an inverted 
pattern of the metal lines was created for this process. Image reversal provides reentrant 
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sidewall profiles for the following lift off process via a single photoresist baking 
application. 
After the previous photolithography step, the sample was transferred into YES 
310-TA HMDS & Image Reversal Oven (Yield Engineering Systems, Livermore, CA) 
for image reversal. 
The YES oven uses ammonia (NH3) gas to reverse the tone of positive photoresist 
1827. In the reversal process, the chamber of the YES oven is purged of oxygen using 
vacuum and heat (Front and rear zone temperature = 90 ·C). It is then filled with 600 
Torr ofNH3 vapor. The NH3 reacts with the acid in the exposed photoresist rendering it 
insoluble in developer. The image reversal process lasts 2700 seconds. 
Figure 3.9 YES 310-TA HMDS & Image Reversal Oven. 
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A flood exposure using the mask aligner without installation of any photo mask 
was followed to transfer the reversible image from Mask # 1 to the sample. The flood 
exposure caused acid to form in the previously unexposed areas allowing them to be 
removed in the developer. Load the sample into the chuck and press "Lamp Test" button. 
Use the timer to control the exposure time. The flood exposure time for this step was set 
to 15 seconds. The diagram below (Figure 3.10) shows the principle of this image 
reversal step. 
UV 




Expose UV using Mask #1 Exposed 1827 remains soluble Reversal bake crosslinks the 
exposed 1827 with N H3 gas 
Soluble Resist 
Flood exposure without mask Unexposed 1827 in the first After development, negative 
step is soluble in developer angle on the side wall of 1827 
Figure 3.10 Diagram of the photoresist image reversal step. 
3.1.5.7 Photoresist Development 
Develop substrate in MICROPOSIT® MF-319 developer (Shipley Company, Inc. , 
Marlboro, MA) for 60 seconds with mild and consistent agitation to accelerate the 
dissolving of the photoresist. Take the sample out and wash it under DI water for two 
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minutes. Use the nitrogen gun to dry the sample. Inspect the sample under microscope to 
examine if the photoresist was developed completely. If not, repeat the above developing 
process until the unwanted photoresist was washed away thoroughly. Avoid 
overdeveloping that may attack the insoluble photoresist and make an offset of 
dimensions of the small features. 
Before the deposition of the metal layers, an oxygen plasma etching step (De-
scum) using the March CS-1701 Reactive Ion Etching system (Nordson March, Concord, 
CA) was performed to roughen up the polyimide surface and remove photoresist residue 
for better adhesion in between metal and polyimide layers with the following parameters. 
Gas: 100% Oxygen 
Gas Flow Rate: 40 sccm 
Pressure: 250 mTorr 
Power: 300 RF Watts 
Time: 10 s 
3.1.5.8 Metal Deposition: Ti-Pt Bilayer Sputtering 
Sputtering is achieved by bombarding a target with energetic ions, typically Ar+. 
Atoms at the surface of the target are knocked loose and transported to the substrate, 
where deposition occurs [83]. Electrically conductive materials such as Ti, Pt, and Al can 
be deposited using a DC power source, in which the target acts as the cathode in the 
diode system. Sputtering of dielectrics such as silicon dioxide requires an RF power 
source to supply energy to the argon atoms. A thin adhesion layer of titanium (20 nm) 
followed by a layer of platinum (200 nm) was deposited by DC sputtering within a PVD 
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75 sputtering machine (KURT J. LESKER Company, Clairton, PA; Figure 3.11). The 
deposition rate was characterized on glass slides before Ti-Pt bilayer was sputtered on the 
samples. DC sputtering was applied on both Pt and Ti targets with a power of 300 W and 
Argon pressure of 5 mTorr. The sample was rotating at a speed of 5 rpm to achieve 
better uniformity during sputtering. There are three sputter guns that can hold two 2-inch 
diameter targets and one 4-inch diameter target facing up to the sample. Each gun can be 
programed and powered by RF and/or DC. The distance from targets to sample is 20 cm. 
The sputter guns are indirectly water-cooled. Pt and Ti targets (2 inches) were installed 
on sputter gun #1 and #2, respectively. The sample was then placed on the sample holder 
facing down to the targets. Close the chamber and turn on the vacuum pump to wait the 
vacuum pressure reaching the deposition base pressure of 5xlO-5 mTorr in about 10 
minutes. Turn on "PC High Vacuum Throttle" on the Vacuum page and then turn on 
Argon gas valves. Choose mode 4 and set the gas pressure to 5 mTorr. Wait for the 
argon pressure to stabilize at the setup value in the deposition page. Open the shelter on 
the Ti target and turn on the DC power (300 W). Visually check if the plasma is excited. 
Strong blue or purple light should be seen depending on the species of the targets. A pre-
sputtering step (~l minute) is helpful to clean the oxide formed in the air on the surface 
of the Ti target. Open the shelter on the sample and start the timer to count the sputtering 
time. Repeat the sputtering procedure on Pt target. Lastly, vent to open the chamber and 
take out the sample. Put the machine back to vacuum when it is not in use. The 
sputtering parameters for this step are shown in Table 3.3. 
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Figure 3.11 KURT J. LESKER PVD 75 sputtering machine. (Source: KURT J. LESKER 
Company) 
Table 3.3 Experimental conditions for Ti-Pt sputtering. 
Ti Pt 
DC Power(W) 300 300 
Argon Pressure (mTorr) 5 5 
Time (second) 50 300 
Thickness (nm) 20 200 
3.1.5.9 Lift-off: Pattern Metal Layers 
Lift-off process in microfabrication technology is a method of creating patterns of 
target materials on the surface of a substrate using a sacrificial material, such as 
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photoresist. Lift-off is desirable in cases where a direct etching of structural material 
would have undesirable effects on the layer below or multiple layers of materials need to 
be patterned in one single step. 
Fill a beaker with acetone and place sample in the beaker allowing completely 
submerged. Cover the beaker using aluminum foil and wait for 1 hour. The acetone 
pump in the lift-off bench is too strong for the polyimide substrate. A tip dropper was 
used to blow the acetone to the surface of the sample to clean the thinner metal lines hard 
to remove. Prepare a new beaker with clean acetone. Remove the sample from the old 
acetone bath to the new acetone bath while rinsing it with acetone using the squeeze 
bottle. While transferring, prevent the sample from drying and remove any metal residue 
from the surface. An ultrasonication step was performed to remove some unwanted small 
structures from the sample. Set the sonicator power at 2 and place the new acetone 
beaker in sonicator bath for 2-3 minutes. Rinse the sample with acetone and DI water for 
two minutes, respectively. Dry it with a nitrogen gun. Visually inspect if lift-off was 
successful completed under microscope. 
3.1.5.10 Second Layer Polymer Coating and Curing 
Multiple layers of polyimide films can be deposited and cured following steps 
described in Section 2.1.5.2 and 2.1.5.3. Before the deposition and curing process of the 
second layer of polyimide, a de-scum step was performed to roughen up the polyimide 
surface and remove dusts for better adhesion in between double polyimide layers using 
the parameters described in 3.1.5.7. The spin recipe for this step is shown in Table 3.4. 
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Table 3.4 Spin recipe for the second layer ofPI-2611. 
Step 
1 2 3 
Initial Spread Spin Stop 
Spin Speed (rpm) 500 6000 0 
Ramp (rpm/s) 1000 1000 1000 
Time Hold Speed (s) 5.0 30 0 
3.1.5.11 Dry Etch Mask Deposition: Al Sputtering 
The Al was selected as the material for Oxygen RlE mask to protect the 
polyimide layers that insulate and capsulate the microelectrodes with a sandwiched 
structure. The sputtering parameters are as follows: 
DC power: 300 W 
Argon pressure: 5 mTorr 
Deposition time: 8 minutes 
Thickness: 150 nm 
A 2-min pre-sputtering was performed to clean the oxide on the surface of the Al 
target prior to the experiment. 
3.1.5.12 Photolithography - Define Outline and Openings on PI-2611 Utilizing Mask #2 
Photoresist Shipley 1813 (Shipley Company, Inc., Marlboro, MA) was selected to 
pattern the Aluminum layer that forms the dry etch mask for RlE to define the outline, 
recording sites, as well as the bond pads on the polyimide layer. Spin parameters for 
1813 are listed in Table 3.5. 
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Table 3.5 Spin recipe for Shipley 1813. 
Step 
1 2 3 
Initial Spread Spin Stop 
Spin Speed (rpm) 500 4000 0 
Ramp (rpmJs) 1000 1000 1000 
Time Hold Speed (s) 2.0 10 0 
Remove the sample from the spinner and soft bake it for 60 seconds on the 
hotplate at 115 °C. The mask #2 was used in this step to define the electrode recording 
sites (25 circular holes with diameter of 25 I!m), bond pads (1 mm x 1 mm for the first 
and second version, 260 I!m x 745 I!m for the third version), and the outer perimeters of 
the TFMEA. Alignment is critical in this step. The 25-l!m diameter circular openings 
have to be aligned in the center of the circular metal pads with diameter of 35 I!m as 
shown in Figure 3.12 (a). Therefore, alignment markers play an important role on 
making good alignment in this case. Square and circular makers were drawn on mask #1 
and mask #2 with minimum feature size of 3 I!m around each TFMEA all over around the 
whole wafer. 
(a) Opening of recording site on the TFMEA 
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(b) Alignment markers on Mask # 1 and Mask #2 
Figure 3.12 One example ofTFMEA recording site (a) and one group of alignment 
markers (b) used to achieve precise alignment. 
3.1.5.13 HardBake 
A hard bake step was performed on the hot plate at 115 °C for 30 minutes to 
completely remove the solvent and moisture in the photoresist and increase the adhesion 
to the substrate, harden the photoresist and make it more etch resistant. This step should 
be fInished right before the following aluminum wet etch process to avoid over etch on 
the aluminum layer to cause geometry error on TFMEAs. 
3.1.5.14 Pattern Dry Etch Mask - Aluminum Wet Etching 
Oxygen RlE on sputtered aluminum mask has much lower etching rate than O2 
RlE on polyimide. Therefore, patterned aluminum layer could be employed as RlE mask 
to protect the polyimide to defIne the outlines and openings on TFMEAs. This step 
should be started within 30 minutes of the completion of hard bake to avoid the decrease 
of the adhesion because the adhesion of photoresist is reduced as a function of time. A 
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commercially prepared acid mixture Aluminum Etchant by J.T. Baker was used in this 
etch step. It is a mixture of phosphoric, acetic and nitric acids. Pour Aluminum Etch 
Solution into the pyrex beaker marked for this purpose. The temperature sensor was 
immersed into the etch solution. Put the beaker on the hot plate and heat the solution to 
about 40° C. Rinse the wafer in running DI water for about 30 seconds to wet the surface. 
Immerse the wafer in the Al etch solution. Agitate the solution mildly and consistently. 
The surface of the wafer will start turning darker as the exposed Al is etched off and the 
photo mask pattern will begin to appear. Observe the wafer surface closely to check the 
etching process. The pattern should appear clean and uniform over the wafer surface in 
about 150 seconds. There should be no random aluminum spots between the designed 
pattern features. At this point etch the wafer for an extra 20 seconds. Rinse the sample in 
running DI water for 5 minutes and dry the wafers with the nitrogen gun. Inspect the 
sample under the microscope. If exposed Al still stay on the sample surface, repeat 
etching steps till unwanted Al is etched away completely. Each additional etching step 
should be no longer than 30 seconds. 
3.1.5.15 Oxygen Reactive Ion Etching to Pattern Polyimide 
The March CS-1701 Reactive Ion Etching system (Nordson March, Concord, CA) 
is excellent for anisotropic etching of nitrides, oxides, and polyimides. Key performance 
features of the CS-170 1 system include the large DC bias and the ability to control 
process pressure independent of gas flow. The system allows a wide variety of etch 
profiles ranging from anisotropic requiring high aspect ratios to sloped walls. 
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The sample was exposed to oxygen plasma for 12 minutes at a pressure of 250 
mTorr and 300 W RF power; base pressure was 70 mTorr and 02 flow rate was 20 sccm. 
Check the sample under microscope to see till the dry etching is completed. 
3.1.5.16 Surface Cleaning before Electroplating - Ultrasonic Cleaning 
Pt was employed as the seeding layer for the following electroplating step. The 
inert property of Pt prevents oxidization by Oxygen ions during RIE. However, any 
residue left on the surface will cause contamination on both the recording sites and the 
bond pads. Before deposit Ag on Pt, cleaning the surface will increase the adhesion of 
silver to the seeding layer and improve the uniformity of electroplated silver layer. The 
surface of Pt after RIE was inspected using SEM. EDAX analysis was also employed to 
verify the composite of the residue. Ultrasonic cleaning was used to knock down the 
nanoparticles left on the seeding layer. The wafer was placed into a beaker with DI water 
heated to 60°C. Turn the intensity of the sonicator to 2 and do a ten minutes sonication in 
the ultrasonic bath. Check the surface under microscope and SEM to ensure no residue 
left on the seeding layer. Repeat the ultrasonic cleaning procedure if necessary. 
3.1.5.17 Electroplating Mask Creation Utilizing Mask #3 
In this step, photoresist 1813 was spun on and developed to coat the sample 
surface except for the region of the sensor recording heads and electrical connection for 
electroplating process as shown in Figure 3.13. The purpose is to avoid silver deposition 
on the bond pads. If the bond pads are exposed to the electroplating solution, this will 
cause much lower deposition rate and poor uniformity on the recording sites. Since the 
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bond pads were connected to the cathode of the electrode plating power supply through 
specially designed thicker metal traces and there was a resistance of ~ 1 kQ between bond 
pads and electrode recording sites, leaving bond pads open would short the recording 
sites, thus resulting in poor deposition on the sensor tips. Photoresist 1813 was spun on 
top of the sample using the recipe introduced above followed by a soft bake process. 
Mask #3 was applied to expose UV on the photoresist in the region of sensor heads and 
connection pad for electroplating. A double-exposure process was used in this step 
because photoresist trapped into the 25-um diameter polyimide trenches was thick, hard 
to fully exposed and developed. The second exposure to UV light will help to completely 
expose the photoresist residues and make them easy to be dissolved in the developer. A 
hard bake was extremely important prior to the silver electroplating in order to increase 
the adhesion of photoresist to the sample to avoid electroplating current leakage. The 
depth of the trenches was measured on Dektak 8 Surface Pro filer (Veeco Instruments, 
Inc., Plainview, NY). 
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Figure 3.13 Electroplating mask to expose the recording sites in the electroplating 
solution and the electrical connection pad to be connected with the cathode of the 
electroplating station. 
3.1.5.18 Silver Deposition on TFMEA Recording Sites - Silver Electroplating 
A 2.6-llm thick of silver (Ag) was electroplated on the Pt seeding layer via DUPR 
10-3-6 pulse plating power supply (Dynatronix, Amery, WI) with a current density of 2 
mAlcm2 and 40% duty cycle for 61 minutes. Pulse electroplating method was chosen for 
the deposition of Ag that was only plated on the electrode-tissue interface in the 2.7-llm 
polyimide trench. The experimental setup was shown in Figure 3.14. Silver Cy-less II 
electroplating solution (Technic, Cranston, RI) was selected due to its high chemical 
stability and outstanding deposit quality. The connection pad on the TFMEA designed 
for electroplating was connected to the negative output (Cathode) of the power supply. A 
current meter (34410A: Agilent Technologies, Santa Clara, CA) was connected in series 
with the positive output (Anode) of the pulse plating power supply and the silver target to 
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measure the electroplating current. An oscilloscope (DS01004A: Agilent Technologies, 
Santa Clara, CA) was used to monitor the electroplating waveform. During the 
experiment, the electroplating solution was agitated by a magnetic bar driven by a 
magnetic stirrer (Nuova: Thermoylne, Dubuque, IA). The thickness of the AgCI growth 
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Magnetic Stirrer 
Figure 3.14 Experimental setup of low current density pulse electroplating to deposit 
silver on the TFMEA recording sites. 
3.1.5.19 Silver Chloridization 
The Ag electrodes were then partially chloridized to form Ag! AgCI on the surface 
of the recording sites. The silver chloridization was performed using a pulse voltage 
(V=50 mv; Duty cycle=40%) via the pulse plating power supply using similar setup in 
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Figure 3.14. The electrode tissue contacts were immersed into aiM saline solution. 
The anode of the power supply was connected to the TFMEA connection pad, and a wire 
of platinum was connected to the cathode tenninal and used as the opposite electrode in 
the solution. Due to the small thickness (2.6 /lm) of the silver layer, the chloridization 
process only last ten seconds to avoid over chloridization. After the chloridization step, 
the growth thickness was measured on Dektak 8. After the desired thickness was 
approached, the sample was washed in acetone to remove the photoresist layer. 
3.1.5.20 Sensor Packaging 
Finally, the metal traces to build electrical connections for silver electroplating 
were cut off under microscope with caution and the TFMEAs were gently removed from 
the oxidized silicon wafer with a sharp knife. 
Different package strategies were designed to transfer the surface potentials from 
TFMEAs to the signal conditioning circuitry via bond pads. The first and second 
generation of TFMEAs were attached to a PCB with mirrored band pads as shown in 
Figure 3.15. The bonding method utilized the silver epoxy as a conductive medium that 
offered both electrical conductivity and mechanical attaching force to hold the 
microelectrodes on the PCB. Part A and B of the biocompatible silver epoxy H20E 
(EPOXY TECHNOLOGY, INC., Billerica, MA) were well mixed at a ratio by weight of 
1: 1, and then placed on the bond pads of a PCB. A TFMEA with band pads facing down 
was placed on top of the PCB. A glass slide was placed on top of the TFMEA pressing 
down the sensor to make good contact after the alignment was accomplished under 
microscope with caution. The silver epoxy was then cured in an oven for three hours at 
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80 °C. An IDC 26-pin right angle male connector was soldered at position PI connecting 
to an IDC 26-pin female connector with a ribbon cable to export the signals to signal 
conditioning circuit. 
Figure 3.15 Microelectrode array bonding diagram. 
The third generation of TFMEAs with miniaturized bond pads was first attached 
on a PET hard sheet that was cut into the designed geometry using the Epilog Mini 40 
laser cutting system (Epilog Laser, Golden, CO). The supporting sheet with the bond 
pads of TFMEA was then inserted into a Flexible Printed Circuit (FPC) 25-pin connector 
(Digikey, part No. Al 00211 CT-ND, Figure 3.16). The FPC connector offers suitable 
features such as Zero Insert Force (ZIF) to prevent damage on the bond pads during 
insertion and a mechanical lock to provide extra pressure for making good electrical 
contact. The connector was then soldered on the PCB (Figure 3.17) that conducts the 
signal from TFMEA to the signal conditioning circuitry through a board to board 
connector (Digikey, part No. 670-1378-ND). 
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Figure 3.16 25-pin ZIF FPC connector. 
Figure 3.17 Top view (Left) and bottom view (Right) ofthe PCB for TFMEA bonding. 
At last, the front-end electronic package was coated with Sylgard 184 silicone 
elastomer (Dow Corning, Midland, MI) to prevent current leakage during testing. Sylgard 
184 and a curing agent were mixed in a ratio of 10: 1 by weight. After coating, the coated 
sensor was cured in an oven for 45 minutes at 100 ·C. 
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Figure 3.18 Cross-sectional diagrams of fabrication steps of the TFMEA. 
(a) Photoresist 1813 image reversal on cured polyimide PI-2611 ; (b) Metal deposition: 
Ti-Pt bilayer; (c) Pattern of the metal layers using lift-off process; (d) Second layer of 
polyimide coating and curing; (e) RIE mask creation (AI: 150 nm; DC-sputtered) and 
second photolithography process which defines the outer perimeter of the TFMEA as 
well as the microelectrode openings; (f) Al wet-etching; (g) Oxygen plasma etching to 
pattern the polyimide substrate; (h) Low current density silver electroplating to fill the 
polyimide trench; (i) Silver chloridization; G) Final sensor separation from the oxidized 
silicon wafer. 
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3.2 TFMEA characterization 
3.2.1 Metrology Characterization 
The thickness of the polyimide and metal layers, the trench depth in the top 
polyimide layer, and the thickness of the deposited silver and silver chloride were 
determined by surface profilometry. Surface Electron Microscopy (SEM) was also 
performed to validate the measurements made by the surface pro filer and inspect the 
small residues on the surface which are hard to be observed under microscope. 
Metrology was necessary to determine the optimum thickness of the polyimide and metal 
layers, and optimally eliminate the trench depth by properly filling silver and silver 
chloride, as well as ensure that the final device meets the design specifications. 
3.2.1.1 Surface Profilometry 
Surface profilometry was performed using a Dektak 8 Surface Profiler (Veeco 
Instruments, Inc., Plainview, NY; Figure 3.19) to verify the thickness of the deposited 
layers such as cured polyimide, sputtered Ti, Pt, AI, as well as trench depth in polyimide 
and thickness of electroplated Ag. The stylus was placed in contact with, and then gently 
dragged along the surface of the substrate. The vertical deflection measured the change 
in step height. The step height measurement range from 7.5 A to 1 mm; step height 
repeatability was 1cr; the stylus radius was 12.5 ~m. The Stylus Force was set at 3 mg 
(29.4 ~N) for soft materials such as polyimide and 10 mg (97.2 ~N) for hard metals e.g. 
Pt. Measurement Range, Profile and Duration were set at 655 kA, Hills & Valleys and 
30 seconds, respectively. 
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Figure 3.19 Dektak 8 Surface Profiiometer. 
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3.2.1.2 Scanning Electron Microscopy 
Scanning Electron Microscopy was also performed on TFMEAs to validate the 
results from surface profilometry and to inspect the surface roughness or contamination 
caused by small residues. It is well known that non-conductive samples, such as 
polyimide, can cause sample charging-related image artifacts resulting in very poor 
image resolution. Hence, the substrates were sputter-coated with a thin layer of gold 
using a S2 sputtering system (ISI International Scientific Instruments, Inc., Pleasanton, 
CA). The sputter gas was argon; sputter pressure and duration were 0.1 mTorr and one 
minute, respectively. The layer of gold on the device rendered the sensor unusable for 
testing. Therefore, these devices were discarded after imaging. This disadvantage was a 
serious drawback to this metrology technique. 
A SUPRA ™ 40 VP scanning electron microscope (Carl Zeiss AG, Oberkochen, 
Germany; Figure 3.20) was used in this study. The best resolution and magnification 
were 1.3 nm at 15 kV and 900,000x, respectively. Acceleration voltages of 0.02 - 30 kV 
produced thermal field emission of a fine beam of electrons, which served to excite the 
electrons in the sample to be imaged. The detectors attached to the system were high 
efficiency in-lens detectors and Everhart-Thomley secondary electron detectors. The 
specimen stage in the chamber could be rotated to the preferred angle for imaging. Image 
resolution was up to 3072 x 2304 pixels. The integration and averaging modes could be 
selected to perform the noise reduction. In order to image the sample for measuring the 
thicknesses, substrates were loaded at a 4Y angle to the e-beam so that the side wall of 
the polyimide trench would be visible to the e-beam. An acceleration voltage of 20 kV 
was used and the sample was placed 4 mm below the detector. 
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Figure 3.20 A SUPRATM 40 VP scanning electron microscope. (Source: Carl Zeiss) 
3.2.2 Electrical Characterization: DC-R Measurement 
The resistance of the sensor was measured on Cascade Microtech RF-1 
Microwave Probe Station (Cascade Microtech, Inc. , Beaverton, Oregon; Figure 3.21) 
with Agilent 4396B High Resistance Meter (Agilent Technologies, Inc., Santa Clara, CA). 
two probes with a tip diameter of 2 /lm were used in this measurement with one touching 
the surface of the bond pad and the other one contacting with the recording site. It was 
usually challenging to make good contact with the recording sites (Diameter = 25 /lm) 
using the thin probe tip without causing scratches. More importantly, the damage on the 
TFMEA recording sites may render the device unusable. 
67 
Figure 3.21 Cascade Microtech RF -1 Microwave Probe Station. 
3.2.3 Electrochemical Characterization 
The electrochemical performance of TFMEAs was characterized Via Cyclic 
Voltammetry and AC-impedance. CV measurements were performed using a BAS CV-
SOW electrochemical analyzer (Bioanalytical Systems, West Lafayette, IN). The AC-
impedance was measured on a computer-controlled electrochemical workstation 
CHI660A (CH Instruments, Austin, TX) in the frequency range of 1-105 Hz. A 
traditional three-electrode cell was used in all electrochemical experiments (Figure 3.22). 
The working electrode (TFMEAs), the commercially available Ag/ AgCI reference 
electrode (Model CH 111 , CH Instruments, Austin, TX), and a platinum wire counter 
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electrode were inserted into a phosphate buffer (0.1 M, pH = 7.0) at room temperature (T 
= 25 ·C). 
/BASCV-50W / 
OR . CID660a C " . ~R • • • V r -.... 
~ .-/ 
- .. .... ., ..... 
/ / 
l-
V -....... Data collector 
'-.... ,,/ V I I 
Figure 3.22 Schematic of three-electrode cell for TFMEA characterization. 
C: counter electrode (Pt); W: working electrode (TFMEA); 
R: reference electrode (Commercial Ag/AgCl). 
The potential difference between the recording sites on TFMEAs and a 
commercial Ag/ AgCl reference electrode in 1 M saline solution was also measured using 
a PAT -2603 potential meter (Pacific Sensor Technologies, Rowville Victoria, Australia) 
to verify the surface materials. A zero potential drop was expected if the deposition and 
chloridization of silver was successful accomplished. This method was also used to 
validate the conductivity of the bonding strategy without damaging the surface of the 
recording sites as happened using the probe station to measure the sensor resistance. A 
floating potential reading may indicate a bad interconnect. 
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3.2.4 Material Verification - EDAX 
Energy Dispersive X -ray analysis (EDAX) is a technique used for identifying the 
elemental composition of the specimen, or an area of interest thereof. The EDX analysis 
system was added as an integrated feature of a scanning electron microscope. The beam 
was focused on the surface of the recording site after the RIE of polyimide to expose the 
Pt electrodes, after the silver electroplating step, and after silver chloridization step. The 
accelerating voltage was set to 15kV. The collection time was set to 1 minute to lower 
the background noise level. 
3.3 SCM Design 
L-Edit (Tanner EDA, Tanner Research, Monrovia, CA) was used to design the 
microchip which consisted of a shared virtual ground generator, 15 channels of pre-
amplifiers and 2nd order band-pass filters (Overall gain = 32.74dB; Cut-off frequencies: 
High-pass = 0.5 Hz; Low-pass = 4 kHz). Instead of integration of 25-channel into a 
single chip, 2 microchips (15 channels/chip) were packaged and used together to 
accomplish 25-channel amplification in order to lower the chip fabrication cost and offer 
extra 5 back-up channels. The customized microchip was fabricated by MOSIS using the 
on-semiconductor 0.5 /lm CMOS process. 
3.3.1 Instrumentation Amplifier for Pre-amplification 
The dual op-amp instrumentation amplifier provided rail-to-rail output (±V dd12). 
To avoid saturating the op-amp, the gain was arbitrarily set to a low gain of 13 which 
could be calculated from Equation 3.2. 
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( ) ( 
R4) 2R4 . 2 
Vout = Vin#2 - Vin#l 1 + - + - Equatzon 3. R3 RG 
where Rl=~ = 100 kn, R2=R3 = 25 kn, Ro=25 kn. Vin#l and Vin#2 are the positive and 
negative input respectively and Vout is the output of the instrumentation amplifier (Figure 
3.23). The input impedance of the amplifier was measured by using EG&G 5210 dual 
phase lock-in amplifier (AMETEK, Paoli, PA). A sine wave (Vpeak-peak = 10 mY, 
frequency = 10Hz) was arbitrarily selected as the input signal and the current was 
measured by the lock-in amplifier. The resistance was calculated by Ohm's Law 
(Equation 3.3). 
R = 7 Equation 3.3 
where R is the input impedance of the instrumentation amplifier. V is the Root Mean 
Square (RMS) voltage of the input signal generated by the lock-in amplifier. I is the RMS 
current monitored by the Lock-in Amplifier. 
R<; ( 2s1d1 Gain=13 ) 
R1 1---~-R3-1 R4 
VREFo-~~~--~~~~~~~~-, 
lOOkO 2SkO 2SkO lOOkO 
>-.... OVOUT 
Figure 3.23 Circuit schematic (Top) and layout (Bottom) of the 2-op-amp preamplifier. 
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3.3.2 The Second-order Band-pass Filter 
The second-order band-pass filter was designed to provide a band-pass frequency 
of 0.5 Hz - 4 kHz and a gain of 3.3. The roll-off for the filter is -20dB/decade for both 
high-pass and low-pass ends. The cut-off frequency of the low-pass filter is calculated by 
Equation 3.4. 
fc = _1_ Equation 3.4 
2rrRC 
where R is the resistance and C is the capacitance of each filter stage component. As 
shown in Figure 3.24, C4 Rs and C2 ~ are for the calculation of the cut-off frequency fcl 
of the low-pass filter while Cl R7 and C3 Rs are for the calculation of the cut-off 
frequency fc2 of the high-pass filter, respectively. The gain for the filter stage is 
calculated by Equation 3.5. 
G = 1 + R6 Equation 3.5 
R7 
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Figure 3.24 Circuit schematic (Top) and layout (Bottom) of the 2nd-order band-pass filter. 
3.3.3 The Virtual Ground Generator 
The microchip was powered by a single 9-V battery to avoid the possible 60-Hz 
noise from the AC power supply. The virtual ground circuitry generated a reference 
voltage that varied with the power supply V dd. The reference was set to half of V dd 
following Equation 3.6. 
Vref = Vdd (R
1
:
2RJ Equation 3.6 
73 
where Rl = R2 = 25 kO, Cl = 1 pF, C2 = 0.1 IlF. Unlike a simple resistor divider, 
however, the buffering circuitry inside the op-amp prevents an unbalanced output. The 








Figure 3.25 Circuit schematic (Top) and layout (Bottom) of the virtual ground generator. 
3.4 TFMEA-SCM System Functionality Verification 
3.4.1 In Vitro Testing 
In vitro testing was performed using TX151 conductive gel. Pink powder TX151 
(Oil Center Research, Lafayette, LA, USA) was selected to make the conductivity 
platform due to its similar conductivity with human cardiac tissue. Table 3.6 shows the 
composition of TX 151 gels [84]. Distilled water was put into a beaker on a hot plate and 
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stirred to remove the bubbles using a magnetic mixer. Next, agar was added into the 
solution followed by boiling. TX151 and sucrose were slowly added into the heated 
solution while stirring. The well-mixed solution was then poured into a mold, and 
allowed to harden. 
Table 3.6 Composition ofTX151 gel [84]. 
Material Amount Role 
Distilled Water 1 liter Principal ingredient 
Agar 31 grams Solidification 
TX 151 16.9 grams Thickener 
Sucrose 162.4 grams Permittivity control 
After the solidification of the conductive gel (22.5 x 15 x 5 cm), a pair of parallel 
aluminum electrodes (14 x 7 cm) were inserted into the gel on both ends of the mold as 
shown in Figure 3.26. A dual-chamber pacing analyzer (Model 4800, Pace Medical, 
Waltham, MA) was used to create physiological signals during the in vitro testing. The 
positive and negative leads of the pacing analyzer were connected to the electrodes on 
both ends of the gel. The TFMEA was carefully placed on top of the gel while the 
reference electrode (Ag/ AgCI) was inserted into the gel 0.9 mm (Horizontal direction) 
away from the TFMEA. 
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Figure 3.26 Experimental setup for in vitro testing: Gel length = 22.5 cm; 
Reference electrode distance = 0.9 mm (Horizontal direction). 
The SL electrogram was obtained by subtracting the 4 outer electrode recordings 
from a fifth central electrode using Equation 3.7. The transmembrane current density 
was calculated applying Equation 3.8. 
Equation 3. 7 
I = 4*Vc -Vw -VN -VE -Vs 
m 0"* d 2 Equation 3.8 
where () denotes the tissue resistance (n • m) and d represents the interelectrode spacing 
(mm). Electrodes @, ® and @ were placed on the isopotentialline while electrodes CD 
and ® were on the different isopotential lines with the equal differential ~V as shown in 
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Figure 3.26. Accordingly, V® = V@ = V@ and V@- VCD = V@- V@ = ~V. Consequently, 
following the SL equation above, in vitro SLs should equal zero theoretically. 
The in vitro testing results were recorded using two NI USB-6251 data acquisition 
devices (National Instruments Corporation, Austin, TX). The two devices were 
synchronized by a clock signal from the master device to the slave device. USB-251 has 
16 analog inputs (16-bit) and a total sampling rate of 1.25 MS/s. A custom designed 
LabVIEW (National Instruments Corporation, Austin, TX) program was developed to 
record the potential signals and calculate the SLs as shown in Appendix I. The sampling 
rate was set to 16 kHz and all recording data was stored into a binary streaming file 
(* .tdms) for further signal analysis. for further analysis. 
3.4.2 In Vivo and In Situ Testing 
Two canines were pre-anesthetized with sodium thiopental (25 mg/kg) injected 
intramuscularly followed by maintenance with isoflurane (2-3%) in 100% oxygen by 
inhalation. Intubation was accomplished with a cuffed endotracheal tube, with 
mechanical ventilation at a rate of 10-15 cycles/minute with the dogs restrained in a 
dorsally recumbent position. The dogs were instrumented for ECG, femoral arterial 
blood pressure and temperature. Animal body temperature was maintained at 37±1 °C 
with a water-heated pad. The femoral ABP was maintained within acceptable physiologic 
range (70~125 mmHG). A thoracotomy was performed to expose the heart. The 
reference Ag/ AgCI electrode was sutured in an inactive tissue close to the exposed heart. 
The TFMEA was placed on the epicardial surface of the right ventricle. Figure 3.27 
shows the experimental setup for the in vivo Surface Laplacian measurements. The 
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unipolar electro grams were recorded during normal sinus rhythm and ventricullar 
fibrillation. VF was induced by shorting the anode and cathode of a 9-volt battery on the 
right ventricle wall. A defibrillation was performed after the short term (20 seconds) 
recording was finished. 
Figure 3.27 Experimental setup for in vivo testing in a canine model. 
After the in vivo recordings were done, the heart was isolated from the animal 
body and perfused through the aorta with 4 liters of recirculating, oxygenated (95% 02 
and 5% C02) normal solution contained 7.36 gil NaCI and 3.96 gil glucose, 0.2 gil 
MgCh, 2.5 gil taurine, 0.65 gil creatine, 0.55 gil sodium pyruvate, 0.14 gil NaH2P04, 3 
gil NaHC03, and 0.12 gil CaCh. The heart was positioned vertically with the aorta 
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facing up. The heart ventricular wall was cut to expose the endocardium tissue. The 
TFMEA was placed on the endocardium surface to record unipolar electro grams during 
normal sinus rhythm and ventricular fibrillation. The experiment setup is shown in 
Figure 3.28. 
Figure 3.28 Experimental setup for in situ testing in a canine model. 
All 25 channels of unipolar electro grams under different physical conditions were 
recorded at a sampling rate of 16 kHz on a custom designed data acquisition system at 
University of Birmingham [85] . This system provides 528 channels with each channel 
sampled at 2 kHz. The aggregate sampling rate is over 2 MHz. The saved data was 
analyzed and the corresponding SLs were calculated using a custom designed Matlab 
(The MathWorks, Inc. , Natick, MA) program. 
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IV. RESULTS AND DISCUSSION 
In this chapter, a summary of the design and fabrication results of the TFMEA 
and SCM are presented. The TFMEA performance is demonstrated through metrology, 
electrical, and electrochemical characterization. The components of the SCM including 2 
op-amp preamplifiers, band-pass filters, and virtual ground generators are simulated and 
tested to match the design characteristics. Sine-wave input signals at various frequencies 
and simulated ECG signals are amplified and filtered by the SCM. Then, the TFMEA-
SCM System functionality is finally verified by in vitro gel testing and in vivo testing. 
4.1 Sensor Fabrication Results 
In this study, a total of 50 devices of the 10 various design types (Figures 4.1 -
4.3) were fabricated using the methodology described in the previous chapter with a 
fabrication yield of ~ 70%. Most defects on failed TFMEAs were caused by broken or 
shorted wire traces. 
The geometry of the recording sites, the distance between adjacent recording sites 
were measured from SEM images (Table 4.1). Overall, the microfabricated devices met 
the design specifications as evidenced by the small errors, that is, the diameter of 
recording sites and interelectrode spacing (Edge-to-edge) were found to be within -0.4% 
and -0.34%, respectively, of the design (Table 4.1). The errors are most likely due to a 
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slight variability in photolithography processmg and undercutting which may occur 
during the wet and dry etching processes. Having the ability to precisely control the 
electrode geometry employing microfabrication technology was a big advantage 
compared to traditional handmade microscale biopotential electrodes. 
Table 4. 1 Comparison of TFMEA design specification and actual measurement. 
Design Actual Standard Error 
Specification Measurement Deviation Percentage 
(Ilm) (Ilm) (Ilm) (%) 
Diameter of 
25 24.89 ± 0.03 -0.40% 
Recording Sites 
Interelectrode 




Figure 4.1 Microscopic images of the first generation TFMEAs in which 25 individual 
microelectrodes have metal traces with unequal lengths and cover a surface area of 16 
mm2 (Type A) and 4 mm2 (Type B). 
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Figure 4.2 Microscopic images of the second generation TFMEAs in which 25 individual 
micro electrodes have metal traces with equal length and cover a surface area of 16 mm2 
(Type A) and 4 mm2 (Type B). 
Type AI )~-----. 
TypeRI >~ ... -----. 
Figure 4.3 Microscopic images of the third generation TFMEAs with miniaturized bond 
pads, longer necks and metal traces of equal resistance. Surface area covered by the 25 
microelectrodes is 16 mm2 (Type A) and 4 mm2 (Type B). 
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All types of TFMEAs in Figures 4.1 - 4.3 had 25 microelectrodes that covered a 
16 mm2 surface area, while type B TFMEAs only covered 4 mm2. This allowed to 
monitor surface potentials with different coverage areas at different locations. In addition, 
these designs also aided in the comparison between Surface Laplacian calculations 
obtained with different interelectrode spacings by selecting different combinations (75 
J..lm, .fi mm, and 2.fi mm). The first generation of TFMEAs were designed with 
unequal metal trace lengths on each individual microelectrodes. Due to the small width 
(25 J..lm) and thickness (220 nm) of the metal traces, the unequal trace lengths resulted in 
the resistances ranging from 0.5 k!2 up to 1.5 k!2. This resistance difference across all 25 
rnicroelectrodes may cause artifacts in the recorded surface potentials which may alter the 
Surface Laplacian calculations. Moreover, the recording site trenches were left open 
(Figure 4.4); that is, they were not filled with silver, because no electrical connection was 
established to the individual microelectrodes for the electroplating process. 
Nonconductive media trapped in the rnicrotrenches (Diameter: 25 J..lm; depth: ~3 J..lm) 
may cause the recording electrodes to "float" which will produce a high level of noise in 
the signal. 
Figure 4.4 The recording sites on the first generation TFMEA (Type B). 
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To overcome the drawbacks of the first generation TFMEAs, the design was 
changed to achieve equal length traces on all 25 electrodes. The surface of the recording 
sites on the second and third generations of TFMEAs was electroplated with silver and 
then a chloridization process was performed to form a thin layer of silver chloride 
(Figures 4.5-6). The growth of AgCl above the polyimide base was measured using a 
surface profilometer Dektak 8. The height of three AgCl recording sites scanned with a 
stylus force of 5 mg was approximately 450 nm higher than the polyimide base (Figure 
4.7). 
Figure 4.5 Close-up on the 25 recording sites of a TFMEA with trenches filled by 
Ag/AgCl. 
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Figure 4.8 SEM images of the TFMEA with polyimide trench filled by Ag/AgCl. 
Theoretically, there are two types of electrodes, polarizable and nonpolarizable. 
For perfectly polarizable electrodes, no actual charge crosses the electrode--electrolyte 
interface when a current is applied; thus, they behave like capacitors. In this study, the 
conductive metal traces of the TFMEAs made with the noble metal platinum came 
closest to behaving like perfectly polarizable electrodes due to the inertness of Pt, which 
makes it difficult to be oxidized or dissolved. The electrical characteristics of the Pt 
electrode show a strong capacitive effect due to the concentration of overpotentials 
generated by the double layers of ions at the surface of the electrode. To yield 
nonpolarizable characteristics, the Ag/ AgCl electrode is a practical electrode that can be 
easily fabricated in the laboratory through an electrolytic process. It consists of a silver 
metal coated with a layer of an ionic compound AgCl that is only slightly soluble in 
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water to make it remain stable. In contrast with polarizable Pt, current passes freely 
across the electrode-electrolyte interface in nonpolarizable Ag/ AgCI requiring no energy 
to make the transition. Thus, there are no overpotentials for nonpolarizable electrodes 
such as Ag/ AgCl. Table 4.2 lists several common materials that are used for electrodes 
and presents their half-cell potentials. Compared other materials, Ag/ AgCI has the 
lowest standard half-cell potential of 0.223 V with respest to the hydrogen electrode 
defined as having a half-cell potential of zero under conditions that are achievable in the 
laboratory. 
Table 4.2 Half-cell Potentials for Common Electrode Materials at 25 °C when 
referenced to the hydrogen electrode. (Source: Data from Handbook of Chemistry and 
Physics, 55th ed., Cleveland, OH: CRC Press, 1974-1975.) 
Metal and Reaction Potential EO (V) 
AJ ~ A13+ + 3e- - 1.706 
Zn ~ Zn2+ + 2e- - 0.763 
r ~ C~ + 3e- - 0.744 
Fe ~ Fe2+ + 2e- - 0.409 
d ~ d2+ + 2e- - 0.401 
i ~ j2+ + 2e- - 0.230 
Pb ~ Pb2+ + 2e- - 0.126 
r-_---=:H;.;::.2"-~___=2H=~+ .....:+_2::.;e::...-________ ---==0:::..:O~()(~) by deft nition 
g + '1- ~ Agel + e- + 0.223 1 
2Hg + 2 1- ~ Hg2 h + 2e- + 0.268 
eu u2+ + 2e- + 0.340 
u ~ u+ + e- + 0.522 
Ag ~ g+ + e- + 0.799 
Au ~ Au3+ + 3e- + 1.420 
Au ~ Au+ + e- + 1.680 
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4.1.1 Polyimide Thickness vs. Spin Speed 
The polyimide layer was spun on the oxidized silicon wafer and after curing the 
polyimide, the thickness was measured using a surface profilometer DekTak 8. A chart 
was then plotted to reveal the relationship between the spin speed and the thickness of the 
cured polyimide PI-2611. The final film thickness was inversely proportional to the spin 
speed as shown in Figure 4.9. In this study, the thickness of the bottom layer of 
polyimide was selected as 4.50 ± 0.11 ~m using a spin speed of 4000 rpm for 30 seconds. 
The thickness of the top layer of polyimide was chosen to be 2.77 ± 0.1 0 ~m and was 
produced using a spin speed of 6000 rpm for 30 seconds. The top polyimide layer was 
opened via oxygen plasma etching to expose the recording sites for the silver 
electroplating process and the bond pads. The uniformity of the electroplated silver 
layer usually decreased as the thickness of the Ag layer increased. The total thickness of 
the polyimide substrate was 7.40 ± 0.20 ~m and was proven robust enough for this 
appliction. 
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Figure 4. 9 The relation between the spin speed and polyimide thickness after curing. 
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4.1.2 Surface Profilometry after Image Reversal 
The thickness of the photoresist and the reentrant sidewall profiles as a result of 
image reversal play an important role in the metal patterning step by the lift-off process. 
The thickness of the photoresist 1827 after the image reversal step was measured on the 
Dektak 8 surface profilometer. A thickness of 2.80±0.05 ~m (Figure 4.10) was achieved, 
which is relatively large compared to the 20-nm and 200-nm metal layers of Ti and Pt, 
respectively, deposited. A negative angle, represented as the shadowed area in Figure 
4.11, was created on the sidewalls as a result of the image reversal process. Subsequently, 
the sputtered metal layer would only cover horizontal surfaces of the substrate. During 
lift-off, acetone easily attacks the photoresist beneath the unwanted metal layers and thus, 
patterning of the multiple metal layers would be easy to achieve. 
Figure 4. 10 Surface profilometry of photoresist 1827 after image reversal. 
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WD= 4mm Photo No. = 6162 
Figure 4.11 SEM image of the substrate after image reversal. Note the shadowed regions 
around the edges of the trenches, which indicate negative angles on the sidewalls. 
4.1.3 Metal Deposition Rate: Ti-Pt Sputtering 
Depositioin via the sputtering process usually offers various advantages over 
other coating processes, such as low heat and uniform film coatings over the surface. 
The Ti and Pt sputtering processes were characterized on a PVD 75 sputtering system 
using clean, taped glass microscope slides. The film thickness was measured with the 
Dektak 8 surface profilometer and the relationships between sputtering time and film 
thickness were plotted (Figure 4.12 and 4.13) and the deposition rate was calculated as 
25.21 nmlmin and 34.12 nmlmin for Ti and Pt, respecitvely. Consequently, 50 seconds 
and 6 minutes of sputtering were performed to obtain a 20-nm layer of Ti and a 200-nm 
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layer ofPt, respectively. Note that in this process the Ti layer served as an adhesion layer 
of Pt on top of polyimide. 
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Figure 4.12 Characterization of the deposition rate for Ti sputtering. Experiment 
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Figure 4.13 Characterization of the deposition rate for Pt sputtering. Experiment 
condition: DC Power = 300 W, Argon Gas Pressure = 5 mTorr; Vacuum Base Pressure = 
5xl0-5 mToIT. 
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4.1.4 March ruE Etching Rate 
The anisotropic dry etching process was used to make openmgs on the top 
polyimide layer to expose the recording sites and the bond pads, as well as to create the 
outer perimeter of the TFMEAs resulting in a high aspect ratio profile on the polyimide 
wall. The etch rate was characterized and plotted (Figure 4.14). As can be seen from the 
figure, the relationship between etch depth and time was linear before 10 minutes 
etching. Thus, a trend line was plotted through the data and an etch rate of 0.67 ~unlmin 
was determined. Further analysis of the plot indicates that the polyimide layer was 
etched thoroughly and the oxygen plasma reached the silicon dioxide substrate at the 12-
minute mark, which resulted in the etch rate slowing down significantly. 
8 
y = 0.6721x + 0.2653 _/ T 
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Figure 4.14 RIE etch rate in polyimide with a RF power of300 W, pressure of350 mTorr, 
and oxygen flow rate of 20 sccm. 
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4.1.5 Polyimide Trench Depth Measurement 
The depth of the polyimide trenches on the recording sites was measured with the 
Dektak 8 surface profilometer. The measurement was performed with the stylus 
scanning the surface of the substrate following the path of the red line in Figure 4.15. 
The average depth on a single TFMEA was measured as 2.77 ± 0.10 f!m. The trench 
depth on all 8 TFMEAs across the wafer was plotted to inspect for uniformity. Three 
recording sites in one finger as shown in Figure 4.15 were selected to serve as 
representative samples of the 25 trenches on each TFMEA fabricated, which represents 
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Figure 4.15 SEM image of five recording sites in one fmger ofthe TFMEA with a red 
line indicating the surface profilometery scan path. 
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Figure 4.16 Surface profilometry measurement of the trench depth on 3 recording sites 
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Figure 4.17 Trench depth measurements across the wafer for 8 sample devices. 
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4.1.6 Low Current Density Silver Electroplating 
Pulse Electroplating (PE) offers an effective way to achieve good uniformity of 
the electrodeposited metal layer. By regulating the pulse amplitude and width, the 
roughness and thickness of the electroplated silver were well-controlled. PE allows metal 
ions to replenish in the depleted areas in the electroplating bath during TOFF. Therefore, 
when pulse TON occurs, more evenly distributed ions are available for deposition onto the 
sample [86, 87]. The silver electroplating waveform was monitored by the oscilloscope 
(Figure 4.18). The pulse amplitude equaled 440 m V for a pulse period of 100 ms (TON = 
40 ms and T OFF = 60 ms), which achieved a 40% duty cycle. 
o~--------------------------------------------------~ 
o 25 50 75 100 125 150 175 200 225 
Time (ms) 
Figure 4.18 The waveform for pulse electroplating of silver. 
The silver electroplating rate was calculated to be 45.7±2.0 nmlmin; thus, a 2.8-
!lm layer of silver would be electroplated on the Pt seed layer in - 61 min to fill the 
polyimide trench. The thickness of deposited silver was scanned by a Dektak: 8 surface 
profilometer and, for a 60-minute deposition time, the average thickness of the silver 
deposited was 2.64 ± 0.15 !lm. A distribution chart (Figure 4.19) was plotted to 
determine the uniformity of the film thickness of silver. The small standard deviation (± 
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150 run) along with the data shown in Figure 4.19 indicated a good silver film thickness 
uniformity for the low current density pulse electroplating process. The electrode-tissue 
contacts were then chloridized for 10 seconds to form a Ag/ AgCl surface of 450 ± 50 run 
higher than the polyimide base. The chloridization process resulted in about 580-run 
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Figure 4.19 The thickness distribution across the wafer of the electroplated silver layer on 
the recording sites of 8 TFMEAs. 
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4.1. 7 SEM Imaging on TFMEA Fabrication 
The final Ag and AgCI growth on the recording site was inspected by SEM 
images (Figure 4.20). Five recording sites in one finger of a TFMEA were captured after 
oxygen plasma etching. As seen in the close-up image in Figure 4.20A, an anisotropic 
etching profile was attained by O2 RIE to precisely control the sensor geometry. In 
Figure 4.20B, a nearly flat surface was observed on the recording sites indicating silver 
was evenly electroplated in the polyimide trenches without damaging the polyimide 
insulation substrate. Lastly, as the surface of the silver was transformed into a thin layer 
of silver chloride (Figure 4.20C), the effective contact area of the recording sites was 
enlarged which may benefit the SNR of the surface potential recordings. This could be 
important since the signals measured with the TFMEAs will be smaller overall; thus, a 
reduction in the SNR due to a decreasing contact area on the recording sites would make 
this measurement difficult to achieve. As a result, the nonpolarizable Ag/ AgCI interface 
along with an enlarged effective contact area enhance the SNR for the Surface Laplacian 
measurements at the cellular level. 
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Fig. 4.20 A - SEM image of TFMEAs before Ag electroplating; 
B - SEM image of TFMEAs after Ag electroplating; 
C - SEM image of TFMEAs after Ag chloridization. 
98 
4.2 Electrical Characterization Results 
TFMEAs offer a great opportunity for recording surface potentials on the heart 
with high spatial resolution. However, the small thickness (220 nm) and width (25 /Jm), 
along with a relatively large wire trace length (~4 cm), lead to high resistances from the 
recording site to the bond pad. If this resistance is comparable with the input impedance 
of the amplifier, it may cause a potential drop across the conductive metal traces. In 
addition, if the individual microelelctrodes yielded uneven resistances due to unequal 
lengths of the metal traces, the amplified surface potential would contain amplitude 
distortion and make the Surface Laplacian measurements meaningless. 
The DC resistances of all 25 individual electrodes for three generations of 
TFMEAs were measured using two probes on the probe station (Tables 4.3-4.5). The 
first generation of TFMEAs had unequal lengths due to the layout of the bond pads and 
the resistances shifted from 0.314 kO to 1.958 kO with an average of 0.913 ± 0.421 kO. 
The second design overcame the resistance issue by adding curved metal lines to make all 
25 electrodes of equal length, which resulted in an average resistance of 0.999 ± 0.058 
kO. On the third generation TFMEAs, the bond pad configuration was changed and 
significantly miniaturized, which made the length of the individual microelectrode traces 
approximately equal to each other. By adjusting the width of the metal traces, a more 
uniform resistance (1.050 ± 0.026 kO) was achieved on the individual electrodes. This 
design, combined with a longer neck, allowed a larger freedom of motion of the 
recording site end of the TFMEA, which helped eliminate motion artifacts when 
recording on the beating heart. The resistance for all three generations was comparable, 
however, the standard deviation decreased as the newer generation sensor was developed 
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indicating better uniformity on electrode resistance was achieved by the new sensor 
design. This may alleviate distortions in the signal amplitude after signal amplification 
during the preamplification stage. 
Another possible source of noise is thermal noise due to the heating of the 
powered electronics. Thus, it is important to calculate the thermal noise to determine 
whether this is a possible source for signal distortion. Thermal noise is generated by the 
random thermal motion of the electrons in the resistors [88] and can be calculated by 
Equation 4.1. 
v
2 = 4kTRI1f Equation 4.1 
where k is the Boltzmann's constant, k = 1.38xlO-23 11K; T is the absolute temperature in 
Kelvin; R is the resistance of the sensor; and, 4f is the frequency bandwidth being 
considered. So, at body temperature, T = 37°C, with a bandwidth of 4 kHz, the TFMEA 
with a resistance of 1.050 kQ will give a Root Mean Square (RMS) thermal noise voltage 
of 0.268 flV. When compared to the amplitude of the surface potential (-30 mV), it is 
significantly smaller than the acquired signal and therefore can be neglected. 
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Table 4.3 DC resistance of the first generation ofTFMEAs. 
Electrode Resistance Average Standard 
Number (kQ) (kQ) Deviation (kQ) 
1 0.763 
2 0.898 




















Finger #5 23 0.395 0.399 ± 0.068 
24 0.358 
25 0.314 
Overall Average (kQ) 0.913 
Standard Deviation (kQ) ± 0.421 
101 
Table 4.4 DC resistance of the second generation ofTFMEAs. 
Electrode Resistance Average Standard 
Number (kO) (kO) Deviation (kO) 
1 0.955 
2 0.956 




















Finger #5 23 1.010 1.026 ± 0.012 
24 1.039 
25 1.021 
Overall Average (kO) 0.999 
Standard Deviation (kO) ± 0.058 
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Table 4.5 DC resistance of the third generation ofTFMEAs. 
Electrode Resistance Average Standard 
Number (kO) (kO) Deviation (ill) 
1 1.025 
2 1.016 




















Finger #5 23 1.025 1.028 ± 0.004 
24 1.033 
25 1.031 
Overall Average (kO) 1.050 
Standard Deviation (kO) ± 0.026 
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4.3 Electrochemical Characterization Results 
CV results indicated the Agi AgCI surface was stable in phosphate buffer within 
the specified scanning potential window (O.2V to -O.2V) because the charging current 
passing through the microelectrode only shifted from 0 nA to 7 nA and no redox coupling 
was found during the CV testing (Figure 4.21). The impedance of the electrode-
electrolyte interface dropped as the frequency increased which indicated the impedance 
of the TFMEA was frequency dependent as expected (Figure 4.22). The AC-impedance 
(Generation 1-3) dropped from 17.34 MO at 1 Hz to 17.96 kO at 100 kHz. The 
impedance of a single electrode on the TFMEA was typically 49.41 kO at 1 kHz, which 
is much smaller than the input impedance of the instrumentation amplifier. While, the 
input impedance of the instrumentation amplifier was measured and calculated to be 4.17 
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Figure 4.21 Cyclic voltammetric curves for the Ti-Pt-AglAgCI TFMEAs. 
Scan rate = 10m V Is, phosphate buffer = 0.1 M, pH = 7.0, T = 25 DC, number of cycles = 
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Figure 4.22 AC-impedance (Top) and phase (Bottom) spectrums for multiple TFMEAs. 
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4.4 Material Verification - EDAX 
The formation of Agel on the recording sites was verified by EDAX analysis. In 
Figure 4.23A, the only peak representing Pt was found on the surface of the recording 
sites prior to Ag electroplating. After silver was deposited on the Pt seed layer, the two 
peaks of Ag (Figure 4.23B) were detected while the peak for Pt disappeared because it 
was covered by the electroplated silver. Accompanying the two peaks of silver, a peak of 
chloride was observed after the silver chloridizaion process which clearly indicated the 
formation of silver chloride (Figure 4.23C). No other unexpected compounds or 
materials were observed during EDAX anaylysis revealing that the surface of the 
recording sites were not contaminated during fabrication or handling. 
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Figure 4.23 A - EDAX spectrum of TFMEAs before Ag electroplating; 
B - EDAX spectrum ofTFMEAs after Ag electroplating; 
C - EDAX spectrum ofTFMEAs after Ag chloridization. 
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4.5 TFMEA Packaging Strategies 
The TFMEAs were bonded on either a PCB (Figure 4.24A and 4.24B) or inserted 
into a FPC connector (Figure 4.24C) to transfer the measured surface potential to the 
signal conditioning circuitry. A silver expoxy bonding strategy was employed via 
manual alignment under microscope. This procedure was time consuming and perfect 
alignment was difficult to achieve. Two high temperature post-baking processes for 
curing the silver epoxy and the silicone elastomer may have caused the AgI AgCI 
interface to decompose a slight amount. Furthermore, the PCB was not reusable if the 
bonded TFMEA broke during testing. Thus, a second bonding strategy was developed 
that consisted of using a FPC connector which made use of the spring-loaded mechnical 
forces to make contact with the bonding pads to provide the electrical connection with the 
metal leads. A rigid plastic board was precisly cut to match the dimensions of the FPC 
connector and the bond pads on the TFMEAs. This rigid board was then easily inserted 
into the FPC connector requiring zero insertion force when the lock was open. This 
bonding procedure made the connector reusable because the TFMEA could be simply 
and easily replaced. The electrical connectivity of the bonded TFMEAs were tested by 
the DC resistance measurements described previously. However, this testing procedure 
required a thin tip (Diameter = 2 )lm) touching the surface of the recording sites with the 
other end of the resistance meter connected to the bonded PCB. Unfortunately, this 
method resulted in scratches on the recording site surfaces (Figure 4.25). Therefore, an 
alternative testing method was develped by measuring the potential difference of the 
sensor recording sites with respect to a commercial Ag/ AgCI reference electrode in aIM 
saline solution using a potential meter. A total of 50 microelectrodes on two TFMEAs 
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were tested (Table 4.6), the potential difference was found to be 0.56 + 1.29 m V for 
sensor #1 and 0.4 ± 1.76 mV for sensor #2. Unpaired two-sample t-test was used to exam 
the statistical difference between the two groups. A P value greater than 0.05 was 
achieved, indicating no significant difference between the two groups. The potential 
difference between the two electrodes in the same solution was expected to cancel out 
due to both electrodes being comprised of the same surface material Ag/ AgCl. Therefore, 
the statistical examination verified and further proved uniformity of the AgCl growth 
process. In some instances, poor conductivity measurements were obtained. The poor 
conductivity was found to be due to a bad bonding process which caused a floating 
potential of up to hundreds of millivolts or else overloaded the potential meter. In these 




Figure 4.24 A - Bonding strategy for the first generation ofTFMEAs; 
B - Bonding strategy for the second generation of TFMEAs; 
C - Bonding strategy for the third generation of TFMEAs. 
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Figure 4.25 Damage caused by scratches with probes during the resistance 
measurements. 
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Table 4.6 Potential differences between the recording sites on the TFMEAs and a 
commercial Ag/ Agel reference electrode. 
Electrode Number Potential Difference vs. Reference (mY) 
Sensor #1 (4 mm2) Sensor #2 (16 mm2) 
1 1 2 
2 2 2 
3 0 1 
4 1 -2 
5 -1 4 
6 -1 -2 
7 -1 1 
8 -1 0 
9 -2 -1 
10 0 0 
11 -2 -2 
12 2 -1 
13 0 1 
14 1 -1 
15 0 1 
16 2 -1 
17 1 2 
18 1 -1 
19 2 -1 
20 1 1 
21 2 1 
22 2 -2 
23 1 3 
24 1 2 
25 2 3 
Average 0.56 0.40 
Standard Deviation ± 1.29 ± 1.7 
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4.6 Problems Encountered during Fabrication 
4.6.1 Oxygen Plasma Etch Mask Material Selection 
Chrome was first selected to form the dry etch mask to parttern the polyimide. 
During long RIE processing times, cracks were observed around the openings of the 
recording sites on the chrome mask (Figure 4.26 (Top)). As a result, the oxygen plasma 
attacked the polyimide through the small cracks causing poor insulation of the conductive 
metal traces. Aluminum was then chosen as an alternative dry etch mask and no cracks 
were observed on the aluminum mask around the circular openings (Figure 4.26 
(Bottom)). Thus, the metal traces were properly insulated in the double polyimide layers. 
When comparing the mechnical properties of the two types of materials, Alumnum has a 
relatively larger Coefficient of Thermal Expansion (CTE = 23.0 ppmtC) than Chrome 
(CTE = 5.0 ppmtC) [89]. As a result, the Oxygen plasma etch process would generate a 
lot of heat on the surface of the sample making it expand; consequently, larger stresses 
may be generated on the chrome mask due to the poor thermal expansion ability of Cr 
mask. In addition, these stresses may exceed the tensile strength of the chrome mask and 
polyimide, so the materials initiate crack formation. 
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Figure 4.26 Oxygen plasma etching to form the TFMEA recording sites using chrome 
(Top) and aluminum mask (Bottom). 
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4.6.2 RIE Residue on Pt Surface 
Surface cleanliness on the Pt surface is critical for increasing the adhesion of the 
electroplated Ag. After the openings on the recording sites were dry etched by RIE, the 
surface of the Pt seed layer was inspected by SEM imaging. Small residues (-200 nm) 
were observed (Figure 4.27 (Top)), which indicated that an additional cleaning procedure 
was necessary to remove these residues. EDAX analysis was performed to determine the 
composition of these small residues. The element of carbon was determined as the main 
component of the nanoparticles which may have resulted from the cured polyimide. 
After an ultrasonification cleaning process described in the previous chapter was 
performed, the surface was checked by SEM imaging and no residue was detected 
(Figure 4.27 (Bottom)). 
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Photo No. = .6701 
Date :23 May 2011 
Time :13:13:42 
Figure 4.27 SEM images ofthe surface of a recording site on TFMEAs before (Top) and 
after (Bottom) ultrasonification cleaning. 
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4.6.3 Over Chloridization Problem 
After the silver electroplating process, the surface of the silver was chloridized to 
form a thin layer of AgCl. The current used for this chloridization process should be 
monitored carefully to aviod over chloridization (Current should be smaller than 10 J!A). 
The chloridization time was characterized in this study, so for ten seconds of 
chloridization, a AgCI growth of 580 nm was achieved. Over chloridization occurred 
when large currents or long time periods were maintained during the chloridization 
process, which resulted in the electroplated silver being readily depleted from the 
polyimide trench and forming a AgCI shell on the recording site (Figure 4.28). 
Furthermore, the adhesion of the Ag to the Pt may be severely weakened when all the 
silver was consumed to form AgCI yielding a weak interface between the two conductive 
materials, thereby, causing poor conductivity during surface potential recording. This 
theory was further demonstrated when the AgCI interface was washed away on two 
recording sites during the washing process. Over chloridization could be detected using 
surface profilometry since AgCI thicknesses 2-3 J!m above the polyimide substrate 
typically lead to electrode failure. 
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Figure 4.28 Over chloridization on the recording sites of a TFMEA. 
4.7 SCM Simulation and Testing Results 
The SCM was powered by a single supply (9-V battery) and the overall power 
consumption was measured and calculated to be approximately 10 mW. The SCM 
contained 25 channels of preamplifiers and band-pass filter stages. The single die 
possessed 15 channels and was packaged into a chip carrier (PGA121M, Ironwood 
Electronics, Inc., S1. Paul, MN). The bonding diagram is shown in Appendix II and two 
packaged microchips were installed on two female sockets that were soldered on the PCB 
(Appendix III). 
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4.7.1 Gain vs. Frequency of2 op-amp Preamplification Stage 
This type of stage had the obvious advantage of requiring only two, rather than 
three, operational amplifiers and providing savings in space and power consumption. A 
gain of 13 was selected for the 2 op-amp instrumentation amplifier because this permitted 
an adequate dc common-mode input range, as well as sufficient bandwidth (Up to 100 
kHz) for this application (Figure 4.29). The use of rail-to-rail amplifiers also provided a 
common-mode voltage range that extended down to the ground during single supply 
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Figure 4.29 Gain vs. frequency of the 2-stage instrumentation amplifier. 
The input resistance was high and balanced, thus permitting the signal source to 
have unbalanced output impedance. The average input impedance was measured and 
calculated to be 4.17 GO and the impedance of the microelectrode was found to be 2 MO 
at 13 Hz from AC-impedance measurements. The input impedance of the 2 op-amp 
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instrumentation amplifier was about 2085 times larger than the impedance of the 
electrode which corresponds to the standard requirement of the biomedical 
instrumentation. 
4.7.2 Gain and Phase Response of the Second-order Band-pass Filter 
The gain response of the active band-pass filter was flat in the pass-band and 
attenuated as the frequency extended farther away from the pass-band on either side 
(Figure 4.30). The steep rates of attenuation below 0.5 Hz (Cut-off frequency of high-
pass filter) and beyond 4 kHz (Cut-off frequency of low-pass filter) were both -
20dB/decade. The phase shift was 57.2T for the lower cut-off frequency of 0.5 Hz and -
56.45 0 for the higher cut-off frequency of 4 kHz which was moderate in the pass-band 
and sufficient for this application (Figure 4.30). The actual performance of the band-pass 
filter was evaluated with sine wave signals (V p_p = 20 m V) from a function generator 
(33220A, Agilent Technologies, Santa Clara, CA) using frequencies from 0.1 Hz to 100 
kHz. The actual gain response and phase shift were compared with the simulation results 
in Figure 4.30. 
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Figure 4.30 Comparison of the simulated and measured gain response (Top) and the 
phase shift (Bottom) for the active band-pass filter. 
4.7.3 Virtual Ground Generator Testing Results 
A virtual ground generator was used to generate a reference voltage for this 
project. Reference inaccuracies would affect the SNRs of the recording signals. The 
output (V ref) of the virtual ground generator was measured when increasing the power 
supply voltage (Vdd) up to 10 V. The numbers shown in Figure 4.31 were the 
experimental data compared with the theoretical calculation, which equals half of the 
power supply. The results suggested the accuracy of the design was within 0.11±0.08%. 
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Figure 4.31 Comparison of the theoretical and experimental results for the virtual ground 
generator. 
4.7.4 SCM Testing Results 
The microchip design was simulated in T -SPICE (Tanner EDA, Tanner Research, 
Monrovia, CA) and compared with experimental testing results. All recordings were 
made at the sampling rate of 16 kHz. Transient analysis was performed by generating a 
sine wave (Vp_p = 20 mY, frequency = 100 Hz) via a function generator. The overall gain 
(35.02 dB) and the comer frequencies calculated from simulation results matched the 
experimental measurement within 2.96% (Figure 4.32). The high frequency noise 
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Figure 4.32 Comparison of simulation (Top) and testing (Bottom) results. 
Orange: Input sine signal; Purple: Output of preamplifier; 
Aqua: Output of preamplifier-filter. 
An ECG signal generated at the analog output of a data acquisition device (USB-
6251, NI, Austin, TX) from a sample ECG data file was amplified by the SCM to match 
the desired magnitude for the DAQ board (Figure 4.33) and displayed in a customized 
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LabVIEW® program. No signal distortion was observed in the output recordings. All 
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Figure 4.33 Comparison of the output ECG signal before (Top) and after (Bottom) 
applying the SCM. 
4.8 TFMEA-SCM System Functionality Testing 
The TFMEA-SCM system (Figure 4.34) had the ability to record 25 unipolar 
electrograms simutaneouly and enabled five Surface Laplaican measurements. The 
system used two packaged microchips with each one containing 15 channels of 
preamplifiers and band-pass filters. It had a build-in virtual ground generator and an 
optional reference voltage generator using TLE2426 (Texas Instruments, Dallas, TX). 
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The TFMEAs and the microchips were designed to be easily replaced if any damage 
occured during testing. 
Figure 4.34 TFMEA-SCM system. 
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4.8.1 In Vitro Testing Results 
The potential amplitude distribution in the TX 151 conductive gel was simulated 
in MATLAB (MathWorks, Natick, MA) and shown in Figure 4.35. The potential 
dropped from 10 V to 0 V from one end to the other end of the gel in the X -direction. 
Five microelectrodes in an orthogonal direction shown in the center of the gel surface 
with the reference electrode located 0.9 mm away from the center electrode in X-
direction. In the orthogonal configuration, V ®, V ® and V@ should equal one another 
since the electrode @, @, @ lied on the same isopotentialline. V!J) and V@ did not equal 
Figure 4.35 The simulation diagram of the potential distribution in the gel. The electrode 
size is not drawn to scale. 
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However, the differential, ~, from V (f) to V ® and V @ to V ® are equal in 
magnitude but opposite in polarity. From Figure 4.36, the in vitro SLs (Black line) using 
Equation 3.7 closely matched the theoretical value (O-base line). Thereby, indicating the 
ability and accuracy of the TFMEA-SCM system to detect in vitro SLs with high spatial 
resolution (7S-l1m apart). As can be seen in Figure 4.36, there are 2 small peaks in the 
calculated SL. Possible reason may be due to the fast rise and fall (~O.1 ms) of the 
stimulation signal and the sampling rate is not high enough to catch the rapid change, 
thus leading to measurement error. 
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Figure 4.36 In vitro measurement results for five individual microelectrodes. 
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4.8.2 In Vivo Testing Results: Epicardium Recording 
4.8.2.1 SNR Improvement 
Figure 4.37 shows the in vivo measurements recorded (sampling rate = 16 kHz) 
on the surface of the anterior right ventricular epicardium in an exposed dog heart during 
normal sinus rhythm with and without utilizing the SCM. The unipolar recordings (Vl-
VS) of the top and bottom panel in Figure 4.37 have identical amplitude but the 
calculated SL (black line) on the bottom is about 6.S times larger than SLs on the top 
panel. More noise was observed in the recording signals without the SCM. The overall 
SNR of the unipolar electrograms without utilizing the SCM was 27.4±11.6 dB, which 
was significantly enhanced to 44.2 ± 27.S dB after utilizing the SCM. Similarly, the 
SNRs of the SLs increased from IS.0 ± 3.1 dB to 32.1±IS.1 dB utilizing the SCM, 
indicating a significant improvement of the overall SNRs with the customized SCM 
(Figure 4.38). 
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Figure 4.37 Typical in vivo Surface Laplacian testing results for TFMEA data collection 














SNRs without SCM 
SN Rs with SCM 
** 
SL Electrograms 
Figure 4.38 Comparison of overall SNRs for in vivo unipolar and SL electrograms with 
and without the customized SCM. *P<O.Ol and **P<O.Ol indicating SNRs are 
significantly improved using the SCM compared to not using the SCM in both unipolar 
electrogram and SL measurements. 
4.8.2.2 SLs during Normal Sinus Rhythm 
A total of 25 unipolar electro grams were simultaneously recorded during normal 
sinus rhythm from the anterior right ventricular epicardium (Figure 4.39). The signals 
were recorded from the TFMEA-SCM interfaced to a custom data acquisition system at a 
16 kHz sampling rate and band-pass filtered 0.5 Hz - 4 kHz. All unipolar electro grams 
were recorded from five fingers on a TFMEA with each finger consisting of five 
recording electrodes in orthogonal directions (Figure 4.40). The activation propagation 
directions and isochronal lines were indicated as arrows and dash lines, respectively. 
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Figure 4.39 25 unipolar electrograms recorded from the anterior right ventricular 
epicardium using the TFMEA-SCM. 
, 
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Figure 4.40 Diagram of the TFMEA configuration. Figures are not drawn to scale. Solid 
line with arrow: Activation propagation pattern; Dash line: Isochronal lines. 
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Surface Laplacian electro grams were then calculated from the five unipolar 
electro grams in each finger. Figure 4.41 shows a calculated Surface Laplacian 
electrogram along with a unipolar electrogram recorded from the center electrode in one 
finger of a TFMEA. The Surface Laplacian electrogram shows an RlS complex 
indicating a local current source and a subsequent sink that represent current received and 
generated by the cell under the center recording electrode. 
-- Cooter Unipola" Electrogram 
-- Suf.c. Laplacian EJectogram 
5 ------------
l 
I : f-----------------------+ m_m ___ mm ___ m_ m----m--m-mml 
-1+ -----~ -------,- -------, ---- --~ -------,- -------, -------~ ----J 
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Time (S) 
Figure 4.41 Calculated Surface Laplacian electrogram (Black) and unipolar electrogram 
(Magenta) recorded from the center electrode in one finger of a TFMEA. 
Transmembrane current density calculated for this study was based on the 
assumption of tissue with a constant value for the extracellular resistance of 400 Q 'cm 
[90]. The second-difference potential was calculated from the numerator in Equation 3.7. 
In this study, the SLs were calculated by using different interelectrode distances of 75 um, 
1.4 mm, and 2.8 mm as shown in Figure 4.42. The second-difference potential, the SLs, 
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and the transmembrane current density are compared in table 4.7. The second-difference 
potential assembled from the five unipolar electro grams was increasing as recording 
electrodes were more widely separated. The transmembrane current density was shown to 
be inversely proportional to the interelectrode distance which supported the simulation 
results in Willy et al. ' s study [21]. The amplitude of the SLs depends on the 
interelectrode distance, which could be derived from Equation 3.7. All differences on the 
second-difference potential, the Surface Laplacian, and the transmembrane current 
density calculated from different interelectrode spacing of 75 urn, 1.4 mm, and 2.8 mm 
were highly significant (P<O.OI) by t-test examination . 
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Figure 4.42 Interelectrode distances by selecting different combinations of 
microelectrodes on TFMEAs. 
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Table 4.7 Comparison of the second-difference potentials, SLs, and transmembrane 
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Figure 4.43 Transmembrane current density calculated by using different interelectrode 
distances during normal sinus rhythm. 
4.8.2.3 Local Activation Time Determination during VF 
VF is a more complex activation pattern than normal sinus rhythm. The discrete, 
finite activations are not always present in unipolar recordings during VF. 25 
superimposed unipolar electro grams recorded during VF from the anterior right 
ventricular epicardium were shown in Figure 4.44, which formed the basis for calculation 
of the Surface Laplacian electro grams by equation 3.7. Local activation time 
determination remains challenging during VF recordings since the interpretation of a 
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local activation electrogram and determination of local activation moment are affected by 
remote activity or intervening repolarization waves. The maximum negative rate of 
change in depolarization waveforms indicated the local activation time for the 
cardiomyocytes underneath the recording electrodes. Local activation times were 
detected and compared using the time domain derivative (dV/dt)min which is the gold 
standard method in cardiac electrophysiology and the spatial derivative Laplacian 
electrogram. In Figure 4.45, the moment of the zero crossing of the Surface Laplacian 
































Figure 4.44 25 unipolar electrograms recorded during ventricular fibrillation. 
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Figure 4.45 Laplacian electrogram (Black line) and the time derivative dV/dt (Blue line) 
and the corresponding unipolar electrogram for the center electrode (Magenta line) were 
plotted to determine the local activation time. The dotted red line indicated the moment 
of local activation. 
The local activation times determined using SLs and time derivative (dV/dt)min 
from 5 recordings were compared in Table 4.8. As a result, the time determined by using 
the two different methods are very close to each other. T-test was used to exam the 
statistical significance. There was no significant difference in the two groups of data 
indicating the SLs calculated by the five unipolar electro grams with the interelectrode 
spacing on the size scale of individual cadiomyocytes (75 Ilm) could be an effective 
detection method for detection of the local activation time on the cellular level. 
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Table 4.8 Local activation times determined by SLs and (dV/dt)min. 
Local Activation Time (Period) 
SLs (ms) (dV/dt)min (ms) 
1 127.1 127.9 
2 125.3 125.1 
3 131.8 131.0 
4 126.4 127.2 
5 130.4 130.9 
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v. CONCLUSION 
A high spatial resolution, MEMS-based thin-film microelectrode array interfaced 
to a custom-designed signal conditioning microchip for recording cardiac electrical 
activities at the cellular level was successfully developed and characterized. 
The geometry of the TFMEAs was precisely fabricated to match the design 
specifications. The diameter of the recording sites and edge-to-edge interelectrode 
spacing were measured as 24.89 ± 0.03 ~m and 49.83 ± 0.07 ~m, respectively. 
Comparing to the designed values (diameter = 25 ~m; edge-to-edge interelectrode 
spacing = 50 ~m), the percentage error is less than 0.4%. The polyimide trenches on the 
25 recording sites of TFMEAs were filled by Ag/ AgCI which has the lowest half-cell 
potential making the sensors non-polarizable and resulting in a small and stable offset 
potential at the electrode-tissue interface. The Ag/ AgCI recording sites of TFMEAs are 
measured as 450 ± 50 nm higher than the insulation polyimide substrate which may 
prevent microbubbles from being caught in the trenches on the recording sites. The 
AgCI formation was further verified by EDAX analysis. The fabricated TFMEAs were 
characterized by DC resistance measurement, cyclic voltammetry, and AC impedance 
measurement. A uniform DC resistance of the individual microelectrodes on TFMEAs 
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was measured as 1.050 + 0.026 ill. Cyclic voltammetry results indicated the AglAgCI 
surface was stable in the phosphate buffer within the scanning potential window (0.2V to 
-O.2V). The measured AC-impedance dropped from 17.34 MO to 17.96 kO as the 
frequency increasing from 1 Hz to 100 kHz. The typical impedance of 49 Al kO at 1 kHz 
is much smaller than the input impedance of the instrumentation amplifier in the SCM 
which was measured as 4.17 GO. 
Different bonding strategies were developed and compared to make 
interconnection from the TFMEA to the SCM. The silver epoxy bonding method 
required challenging alignment under microscope by hand which is time consuming and a 
high temperature curing process which may cause decomposition of AgCI on the 
recording sites. In addition, the bonding PCB is not reusable due to the hard epoxy 
contamination on the bond pads if the bonded TFMEA fails. A FPC connector requires 
zero insertion force and a build-in lock offers additional mechanical pressure to make 
good contact from bond pads of TFMEA to the leads on the connector. Potential 
difference measurement between the recording sites of TFMEAs and a commercial 
Ag/ AgCI reference electrode in 1 M saline solution was employed as the evaluation 
method to verify the bond procedure. Comparing with the testing method using probes, 
the potential difference measurement prevented the surface on the recording sites form 
being scratched or damaged. Potential differences of 0.56 + 1.29 m V and 004 ± 1.76 
m V measured from two devices also indicated the property of the surface material of 
AgCI since the half-cell potential on both electrodes were cancelled out. 
The SCM consisting 25 channels of preamplifiers and filter stages and a shared 
reference generator was simulated and characterized. The 2 op-amp preamplifier offered 
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constant gain of 21.94 dB (-1.53%) for the signals with frequency bandwidth of up to 100 
kHz which fully satisfied the application in this study. The steep rates of attenuation of 
the active band-pass filter below 0.5 Hz (Cut-off frequency of high-pass filter) and 
beyond 4 kHz (Cut-off frequency of low-pass filter) were -20dB/decade which was 
designed to reject both DC and high frequency noises. The actual performance of the 
band-pass filter was evaluated and compared with actual testing results. The overall 
gain (35.02 dB) and the corner frequencies calculated from simulation results closely 
matched the experimental measurement with a percentage error of 2.96%. 
The functionality ofTFMEA-SCM system was further evaluated on a TX151 Gel. 
The SLs measured from the in vitro experiment closely matched the theoretical value. 
Animal testing results first revealed that the overall SNRs of the unipolar electro grams 
without utilizing SCM (27.4 ± 11.6 dB) were enhanced to 44.2 ± 27.5 dB by utilizing 
SCM, and SNRs of the SLs were increased from 15.0±3.1 dB to 32.1±15.1 dB by 
utilizing SCM, indicating a significant improvement of the overall SNRs for both 
unipolar and SL electrograms with the customized SCM. The amplitude of the 
second-difference potential increases as the interelectrode distance increasing. However, 
the Surface Laplaican is inversely proportional to the interelectrode distance. The greatest 
amplitude of Surface Laplacian was calculated using five microelectrodes 75 j.l.m apart in 
orthogonal directions. The transmembrane current density was also calculated and 
showed the same trend with Surface Laplacian. Local activation times determined by the 
zero crossing of SLs are within ± 1 % of the local activation times obtained using the gold 
standard technique defined as (dV/dt)min of the unipolar electrogram during VF. The in 
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vivo transmembrane current density calculated using 75 !lm interelectrode spacing on 
TFMEA-SCM are significantly higher compared to larger scale electrode separations. 
This study has proved the functionality of the TFMEA-SCM system in recording 
surface potentials on the surface of the heart at the cellular level. Further animal testing 
results reveals the advantages of the Surface Laplacian electro grams compared to the 
unipolar recordings in determining local activation time and calculating the 
transmembrane current density in vivo. 
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VI. FUTURE STUDY 
6.1 Endocardium Recording 
Preliminary study was performed on the right anterior ventricular endocardium in 
the isolated heart of the canine model during normal sinus rhythm and ventricular 
fibrillation in order to investigate the feasibility to detect the Purkinje activation using 
TFMAE-SCM system. 
6.1.1 Recordings during Normal Sinus Rhythm 
After in vivo testing, the heart was rapidly excised from the chest and perfused 
through the aorta with a recirculating oxygenated solution. The heart ventricular wall 
was cut to expose the endocardium surface. Using the same recording condition as 
described, the TFMEA was placed on the endocardium surface instead to record surface 
potentials during normal sinus rhythm. Five unipolar recordings from five 
microelectrodes in one finger are shown in Figure 6.1. The amplitude for the 
endocardium surface potentials (-6.5 mY) is smaller than recordings from epicardium 
(-30 mY). The Purkinje activation with much smaller amplitude (0.5 mY) was detected 
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Figure 6.1 Five unipolar electro grams recorded from the endocardium of the right 
ventricle using the TFMEA-SCM. 
The Surface Laplacian electrograms were calculated and compared by usmg 
different interelectrode spacmg in Figure 6.2. The magenta line represents unipolar 
electrogram recorded from the center electrode. The black and blue lines are the Surface 
Laplacian electrograms recorded from five micro electrodes in orthogonal directions with 
interelectrode spacing of 1.4 mm and 75 l..Im, respectively. Both endocardium local 
activation and Purkinje activation were detected only in the black line by showing two 
peaks as pointed in Figure 6.1. The high spatial resolution (75 )..lm) Surface Laplacian 
electrogram did not indicate successful detection on either endocardium local activation 
or Purkinje activation. 
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Purkinje Activation 
-- Center Unipola Electrogram 
-- Surface Laplacian (1.4 mm) 
2 ------------------
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1.65 1.7 1.75 1.8 
Time (S) 
Figure 6.2 Surface Laplacian electro grams calculated by using unipolar e1ectrograms 
with different interelectrode spacing along with the corresponding unipolar electrogram 
recorded on the center electrode during normal sinus rhythm. 
6.1.2 Recordings during VF 
Surface Laplacian electrograms recorded during VF with interelectrode spacing of 
1.4 mm and 75 ~m was compared in Figure 6.3. Two sharp peaks were clearly 
determined from SLs with 1.4 mm interelectrode spacing, indicating local activation and 
Purkinje activation. However, the peaks were not observed from the SLs with 75 ~m 
interelectrode spacing. The SLs with 1.4 mm interelectrode spacing may improve 
Purkinje activation identification which is consistent with Dosdall et al.'s work [94] . 
The high spatial resolution SLs indicated promising results in detecting local 
activation during epicardium recording. However, during the endocardium recording, 
SLs calculated from 75 ~m interelectrode distance did not improve the detection of 
Purkinje activation. This may be caused by bad contacts between the recording sites to 
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the endocardium due to the roughness of the endocardium. This limitation may be 
overcome by apply some mechanical force on top of the TFMEA to maintain good 
contact with the endocardium. 
4 -------------- -----
- Center Unipolar Electrogram 
- Surface Laplacian (1 .4 mm) 
- - - - - - - - - - - - - - - - - - Surface Laplacian (75 um) 
2 - _ - - - - - - - - - - - - - - - - - - - - - - - locaLActlv.m:Lon - - - - - - - - - - - - - - --
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Figure 6.3 Surface Laplacian electro grams calculated by using unipolar electrograms 
with different interelectrode spacing along with the corresponding unipolar electrogram 
recorded on the center electrode during VF. 
6.2 Miniaturization of TFMEA-SCM 
A further step for this project is to miniaturize the TFMEA-SCM system and 
make it implantable. As shown is figure 4.34, the system is still bulky due to the PCB 
which holds the off-chip components such as capacitors. As well known, even a 
capacitor with a small capacitance takes up a considerable amount of space on the 
microchip. This is especially true in the microchip fabrication application where the cost 
is proportional to the size of the die. In the 2nd order active band-pass filter design, 4 
capacitors (Cl = 6.8 ~F, C2 = 100 pF) were used in a single channel. For a total of 25 
channels, 100 off-chip capacitors were required for the application. On the contrary, the 
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switched capacitor filter design may be a feasible solution to make all the components on 
chip. However, this would add another level of design complexity. 
6.3 Biotelemetry on TFMEA-SCM 
Recently, more studies focus on the application in biotelemetry where the system 
consists of a transmitter and a receiver with a transmission link in between [91-93]. If all 
components on SCM could be integrated in the microchip, radio-frequency (RF) 
telemetry may be employed to transmit data from the sensor package to the data 
acquisition system without any cables. This is challenging because in this project the 
sampling rate is extremely high (16 kHz) and multichannel recording data are huge which 
requires a high speed wireless data transmission protocol. In addition, the RF telemetry 
has been used for wireless power the sensor package. Since the power consumption for 
the microchip is relatively low, this may be feasible to provide power to the circuitry 
which could further miniaturize the sensor package. 
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Synchronize two USB-6251 by outputing a clock signal-PFIO from master device to slave device; 
Record and display 25 unipolar electrogram simultaneously; 
Calculate and display Surface Laplacian elecrogram while recording; 
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Microchip Design: Microscopic image (Top) and L-edit layout (Bottom) 






Designer: Huihang Dong 
Process: On-semiconductor 0.5 iJm COMS process 
Description: 2-op-amp instrumentation amplifier provides rail to rail output. 
The gain could be calculated from the following equation : 
Vout = (Vin#2 - \'in#l) '(1 + R4) + 2R4 for R1=R4 , R2=R3. In this cell, R1=100 kO, Ra RG 
R2=25 kO, RG=25 kO. The gain equals to 13. 
File Name: 2-opamp-ia.tdb 
Cell Version: 1 (Date Committed 3/9/10) 
Cell Dimensions 
Height Width Area 
658A 295A 194110AA2 
Electrical Characteristics 
Max Nominal Min 
Vdd 10 V 5V 1V 
Vref 5V 2.5V 0.5V 
Yin 100 mV 20mV 5mV 
Input Impedance 4.17 GO 
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Appendix VI 
<Active Bandpass Filter> 
Designer: Huihang Dong 
Description: The filter has pass frequency band of 0.5 Hz - 4 kHz with gain of 
3.3. The rolloff for the second-order bandpass filter is about 20dB/decade. The 
1 
cut-off frequency could be calculated by fc = - . C4 Rs & C2 R6 are for fc1 of the 2nRC 
low-pass filter and C1 R7 & C3 Ra are for fe2 of the high-pass filter. The gain for 
the filter could be calculated by G = 1 + R6 where R6=250 kO and R7=75 kO. R7 
File Name: active-bandpass-filter.tdb 
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Appendix VII 
<Virtual Ground Generator> 
Designer: Huihang Dong 
Process: On-semiconductor 0.5 Ilm COMS process 
Description: The virtual ground is a voltage reference that varies with VDD. Unlike 
a simple resistor divider, though, the buffering circuitry inside preventing the unbalanced 
output. Vref = Vdd (~) where Rl = R2 = 25 kO, C1 = 1 pF, C2 = 0.1 IlF. Rl+R2 
File Name: virtual-ground.tdb 
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Abbreviation Meaning PAGE 
TFMEA Thin-Film MicroElectrode Array vi 
SCM Signal Conditioning Microchip VI 
SL Surface Laplacian VI 
SNR Signal-to-Noise Ratio Vll 
SEM Scanning Electron Microscope Vll 
CV Cyclic Voltammetry Vll 
VF Ventricular Fibrillation Vll 
SCD Sudden Cardiac Death 1 
VT Ventricular Tachycardia 1 
MEMS MicroElectroMechanical Systems 2 
1m Transmembrane Current Densities 2 
ECGorEKG Electrocardiogram 11 
BioMEMS Biomedical MicroElectroMechanical Systems 21 
MEA MicroElectrode Arrays 22 
CNT Carbon NanoTube 24 
NWFET Nano Wire Field-Effect-Transistor 26 
RIE Reactive Ion Etching 36 
FPC Flexible Printed Circuit 61 
ZIF Zero Insert Force 61 
EDAX Energy Dispersive X-ray analysis 70 
RMS Root Mean Square 71 
PE Pulse Electroplating 95 
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